SYMPOSIUM  ON  WOOD  MOISTURE  CONTENT  -  TEMPERATURE  AND  t/ O 

HUMIDITY  RELATIONSHIPS  HELD  AT  BLACKSBURG  VIRGINIA  ON 
OCTOBER  29  1979(U)  FOREST  PRODUCTS  LAB  MADISON  VI 
UNCLASSIFIED  29  OCT  79  F/G  11/12  NL 


t 


I 

I 

1 


m  HIM 


MICROCOPY  RISGLUHON  1l$l  CHARI 


Symposium  on 
Wood  Moisture  Content  • 
Temperature  and 
Humidity  Relationships 


Virginia  Polytechnic  Institute  and  State  University,  Blacksburg,  Virginia,  October  29, 1979 


COMPONENT  PART  NOTICE 


(TITLE): 


(SOURCE): 


This  paper  is  a  COMPONENT  PART  of  the  following  COMPILATION  report: 

Symposium  on  Wood  Moisture  Content  -  Temperature  and  Humidity  Relationships 
Held  at  Blacksburg,  Virginia  on  October  29,  1979. 


Forest  Products  Lab..  Madison.  WI. 


To  order  the  complete  COMPILATION  report  use 


AO-A1 U)  419 


The  COMPONENT  PART  is  provided  here  to  allow  users  access  to  individually 

AUTHORED  SECTIONS  OF  PROCEEDINGS,  ANNALS,  SYMPOSIA,  ETC.  HOWEVER,  THE 
COMPONENT  SHOULD  BE  CONSIDERED  WITHIN  THE  CONTEXT  OF  THE  OVERALL  COMPILATION 
REPORT  AND  NOT  AS  A  STAND-ALONE  TECHNICAL  REPORT • 


The  following  COMPONENT  PART  numbers  comprise  the  COMPILATION  report: 


AD#: 

AD-POO 3 
AD-POO 3 


L3U 

U35 


AD- poo 3  L36 


AD-POO 3 
AD- POO 3 
AD- POO 3 
AD-P003 

AD-P003 
AD-POO 3 


U37 

L38_ 

L39 

hho 

bbl 

bb2 


ad~poo 3  LU3 

AD-POO  3  bbb 
AD-P003  bbS 
AD-POO 3  LL6 


TITLE:  v  d  .  : 

^The  Hygroscopic  Nature  of  Wood_. 

•Psychrometric  Relationships  and  Equilibrium  Moisture 
Content  of  Wood  at  Temperatures  Below  212  F  (100  C)j 
'Psychrometric  Relationships  and  Equilibrium  Moisture 
Content  of  Wood  at  Temperatures  Above  212  F. 

^Moisture  Sorption  Hysteresis  in  Wood, 

-»Sorption  Theories  for  Wood.—. 

'Relative  Humidity  and  Moisture  Content  Instrumentation. 
‘Water-Vapor  Sorption  by  Woods  of  High  Extractive 
Content. 

-Moisture  Measurement  Problems  in  Lumber  Drying, 

"'Some  Surfacing  Defects  and  Problems  Related  to  Wood 
Moisture  Content. 

-The  Effect  of  Temperature  and  Moisture  Content  on 
Physical  Changes  in  Wood.  -  ' 

'  Effect  of  Moisture  on  Softwood  Plywood,  Particleboard 
and  Composite  Wood  Panels. 

Effect  of  Temperature,  Humidity  and  Moisture  Content 
on  Solid  Wood  Products  and  End  Use. 

^Factors  Affecting  the  Water  Adsorption  of  Particleboard 
and  Flakeboard.  •  I  '  ’ 


□  □ 


s 


DTIC 

ELECTE 
JUN  2  8  1984 


08 

< 

X  3Q 
O  < 


ts*f 


This  document  has  been  approved 
for  public  release  and  sale;  its 
distribution  is  unlimited. 


§' 

4-> 

o 

£> 

u 

•rH 

Q  i 


w  t*<3  r-« 
*;§2. 
3  -  8 

-<  fX 

<o  i 

rH  <3 _ 


cc 

> 


COMPONENT  PART  NOTICE  (con’t) 


AD#: 


TITLE: 


PROCEEDINGS 


Wood  Moisture  Content — 
Temperature  and  Humidity  Relationships 
Symposium  at 

Virginia  Polytechnic  Institute 
and  State  University 


Blacksburg,  Virginia 
October  29,  1979 


Published  By: 


^Accession  For 
NTT  5  GRjl&I 


Dire  T.»3 


USDA  Forest  Service 
Forest  Products  Laboratory 
North  Central  Forest  Experiment  Station 


A'L 


Sponsored  By: 

Society  of  Wood  Science  and  Technology 
Forest  Products  Research  Society 
USDA  Forest  Service: 

Forest  Products  Laboratory 
North  Central  Forest  Experiment  Station 
American  Society  For  Testing  and  Materials 
Virginia  Polytechnic  Institute  and  State  University 


Co-Chairmen : 

Howard  N.  Rosen,  NCFES 
William  T.  Simpson,  FPL 
Eugene  M.  Wengert,  FPL  &  SU 


PREFACE 


The  interaction  of  wood  and  moisture  is  fundamental  to  wood  processing, 
wood  properties,  and  the  performance  of  wood  products.  If  wood  did  not 
contain  moisture,  it  would  be  a  totally  different  material  in  terms  of 
how  it  is  processed  and  used.  For  the  most  part,  the  presence  of 
moisture  in  wood  creates  problems  and  undesirable  characteristics. 

Large  amounts  of  time,  energy,  and  degraded  wood  are  consumed  in  removing 
water  from  wood  before  it  can  be  used  for  most  products.  Subsequent 
shrinkage  and  swelling  of  wood  create  performance  problems  in  wood 
products. 

The  purpose  of  the  Symposium  is  to,  first,  examine  our  basic  under¬ 
standing  of  how  moisture  is  held  in  wood  and  the  factors  that  determine 
the  quantity  held.  The  second  objective  is  to  examine  the  practical 
effects  of  moisture  in  wood  and  how  they  influence  processing,  properties 
and  performance.  In  all  of  the  papers  presented,  the  authors  have  been 
asked  to  identify  gaps  in  knowledge  and  fruitful  research  areas  wherever 
possible. 
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When  1  first  heard  the  title  of  this 
Symposium,  two  Long-time  friends  immediately 
came  to  mind.  These  old  friends  are  a  couple 
of  figures  that  have  been  around  a  long  time 
and  are  probably  familiar  to  most  of  you  too- 
hut  l  daresay  for  not  so  long  a  time.  I  refer 
first  to  the  plotting  of  a  series  of  isother¬ 
mal  curves  for  equilibrium  moisture  content 
of  wood  versus  relative  humidity  (or  relative 
vapor  pressure  of  water)  as  shown  in  figure  1. 
We  all  know  this  figure,  from  A1  Stamm's  book 
on  Wood  and  Cellulose  Science,  I'm  sure.  It 
tells  us  that  EMC,  at  a  given  level  of  relative 
humidity,  is  inversely  related  to  temperature. 
Need  I  explain  that  moisture  content  in  wood 
is  expressed  on  the  basis  of  mass  of  removable 
water  per  unit  mass  of  oven-drv  wood? 


I  was  particularly  careful  in  selecting 
the  caption  for  this  figure  for  this  Symposium. 
Many  years  ago  1  included  the  same  graph  in 
Section  29  on  Wood  for  Mantel l's  Engineering 
Materials  Handbook  (McGraw-Hill,  1958)  and 
went  off  to  the  Philippines  on  sabbatical 
Leave.  To  my  chagrin,  much  later,  when  I 
received  my  copy  of  the  handbook  I  discovered 
that  this  figure,  which  T  regarded  as  so 
important,  bore  the  caption  "Recommended 
moisture-content  averages  for  interior-fin¬ 
ishing  woodwork  for  use*  in  various  parts  of 
the  United  States."  Where  that  came  from,  or 
how  this  figure  could  possibly  be  interpreted 
as  recommending  anything,  I'Ll  never  know. 

But  I  am  certain  that  its  usefulness  to 
readers  of  that  handbook  was  seriously  damaged. 


Relative  Vapor  Pressure 


Figure  1. —  EMC  of  wood  versus  relative 
vapor  pressure  at  different  isothermal 
levels . 

Stamm:  Wood  and  Cellulose  Science 

The  second  figure  that  came  to  mind  is 
more  complicated  and  not  so  well  known  or 
understood.  It  introduces  into  the  first 
relationship  another  term  —  absolute  vapor 
pressure.  We  sec  how  these  parameters 
interact  in  figure  2. 

1/  Presented  at  Symposium  on  Wood  Moisture 
Content  —  Temperature  and  Humidity  Relation¬ 
ships,  Virginia  Polytechnic  Institute  and 
State  University,  Blacksburg,  Virginia, 
October  29,  1979. 


Let's  look  now  at  figure  2  more  care¬ 
fully  than  a  McGraw-Hill  editor  did  back  in 
1958.  In  this  figure,  individual  levels  of 
EMC  are  plotted  on  a  rectangular  grid  of 
relative  humidity  (ordinate)  and  temperature 
(abscissa).  From  the  slight  positive  slope 
of  the  EMC  lines  we  see  that,  to  maintain 
any  given  level  of  EMC,  it  is  necessary  to 
increase  relative  humidity  as  temperature 
increases.  We  can  visualize  the  same  tiling 
from  figure  1  by  projecting  a  horizontal  line 
(representing  a  given  level  of  EMC)  to  the 
right  so  that  it  crosses  successive  isotherms 
of  higher  temperature.  At  each  successive 
isotherm  relative  vapor  pressure  is  higher. 

The  new  insight  to  be  derived  from 
figure  2  comes  from  recognizing  the  effect  on 
EMC  of  increasing  temperature  while  holding 
absolute  vapor  pressure  constant.  For  example, 
at  30°  F  and  60%  relative  humidity,  EMC  is 
about  11%.  Absolute  vapor  pressure  is  about 
0.100  in.  of  mercury.  Now,  if  temperature 
alone  is  increased,  let's  say  to  75°  F,  EMC 
drops  to  less  than  3%,  How  does  this  come 
about?  The  slope  of  those  constant  EMC  lines 
is  really  not  all  that  great.  Were  60% 
relative  humidity  to  be  maintained,  EMC  would 
drop  only  about  1/2  percent.  The  key,  of 
course,  is  that  as  temperature  increases  to 
75°  at  constant  absolute  vapor  pressure, 
relative  humidity  drops  from  60%  to  about  12%. 
The  latter  kind  of  change  with  temperature  is 
by  far  more  common  than  the  former.  I  find 
figure  2  a  lot  more  useful  than  figure  1  for 
tins  reason.  It  is  relevant  to  wh.it  happens 
in  our  homes,  ol flees,  and  factories,  in 


t 


TEMPERATURE  CF.) 


Figure  2.  —  EMC  of  wood  in  relationship  to  relative  humidity,  absolute 
vapor  pressure  of  water,  and  temperature. 

l'S DA  Forest  Products  Laboratory 


northern  winters  at  least,  when  heating  is 
not  accompanied  by  humid  if icat ion.  If  next 
winter  we  hear,  our  buildings  to  a  maximum  of 
65°  F,  as  mandated  under  President  Carter’s 
energy  conservation  guidelines,  moisture 
content  would  not  drop  quite  so  lev:  —  a  bonus 
that  I  doubt  the  administration  has  given  much 
thought  to.  "ut  no  more  of  this  —  you  will 
be  hearing  more  from  other  interpreters  of 
these  relationships  more  competent  than  I  am. 

We  have  been  looking  at  some  evidence  of 
the  hygroscopic  nature  of  wood  —  its  af finite 
for  moisture  —  and  now  may  be  the  time  to 
look  more  closely  at  the  actual  interactions 
that  take  place  between  wood  substance  and 
water. -^The  cell  walls  of  wood  are  organized 
as  a  structural  system  involving  filamentous 
microfibrils,  mostlv  celluiosic  and  crystalline 
in  -oompo-silion,  an^oriented  essentially  in 
the  direction  of  the  longitudinal  axis  embedded 
in  an  amorphous  matrix  of  noncrystalline 
cellulose,  hemicel luloses ,  and  lignin.  The 
molecules  in  the  amorphous  regions,  primarily 
because  of  the  prominence  of  -OH  groups  in 
their  structure,  are  all  capable  of  forming 
hydrogen  bonds,  IMttke  the  cloae-paClfed 
cetltilon«^€hains/in  the  crvstal  lattice in 
t"he~TTrtcTof  ibri  ln>  fhev  are  accessible  to  water 
molecules  through  diffusion  from  the  surround¬ 
ing  atmosphere.  Water  molecuLes  are  themselves 
highly  susceptible  to  hydrogen  bonding.  The 
intermolecular  hydrogen  bond  that  develops 
between  them  when  a  water  molecule  approaches 
within  0.1  nm  (we  used  to  snv  )  of  the 
attractive  site  on  the  polvmer  is  the  basis 
for  the  hygroscopic i tv  of  wood.  The  adsorbed 
water  is  "bound"  to  molecular  surfaces  within 
the  polymer  matrix  which  expands  in  proport  ion 


-to  the  quantity  of  water  adsorbed.  The  micro¬ 
fibrillar  letwork  is  distended,  mostly  later¬ 
ally,  and  we  observe  that  the  wood  swells> 

The  forming  of  a  hydrogen  bond  releases 
energy  in  the  form  of  heat  and  conversely  its 
disruption  requires  an  input  of  energy  — 
mechanical,  thermal,  chemical,  etc.  The 
energy  of  the  bond  is  expressed  by  differ¬ 
ential  heat  of  adsorption  —  the  total  energy 
released  when  one  mol  of  liquid  water  is  added 
to  an  infinite  amount  of  wood  substance. 
Initially,  when  the  wood  substance  is  bone 
dry,  the  released  energy  amounts  to  approxi¬ 
mately  5  kcal  per  mol.  As  moisture  content 
increases,  the  amount  of  energy  released  per 
mol  of  added  water  decreases,  indicative  of 
the  operation  of  lesser  attractive  forces 
such  as  van  der  Waals  forces.  At  12".  moisture 
content,  differential  heat  of  adsorption  has 
decreased  to  about  1  kcal  per  mol.  »)n  reach¬ 
ing  fiber  saturation  at  about  10'  moisture 
content,  no  energy  Is  released  upon  further 
addition  of  liquid  water. 

The  EMC  balance  between  vapor  and  bound 
water  --  when  holding  relative  humidity  con¬ 
stant  hut  increasing  temperature  —  shifts 
toward  a  reduction  in  bound  water  (EMC)  due 
to  the  increased  thermal  agitation  of  t  lie 
into r ac t i ng  mo  1 ec  u 1 o s .  To  ma i n  t  a i n  EMC 
constant,  it  is  nooossarv  that  absolute  vapor 
pressure  be  increased  substantially  as  temper¬ 
ature  rises.  As  you  look  hack  at  figures  ] 
and  2,  now,  vou  will  see  the  eonsequences  of 
these  molecular  i nt eract ions. 


The  range  oj  byg rose op  i  e  activity  is 
limited  to  Llit*  range  oi*  equilibria  between 
bound  water  and  water  vapor  below  the  fiber- 
saturation  point.  Above  fiber  saturation, 
the  fully  swollen  eel l  wall  can  take  up  no 
more  water.  Consequent Iv ,  all  moisture 
content  change  occurs  through  the  addition 
or  subtraction  of  free  water  held  in  the 
cell  cavities. 

Creen  wood  contains  considerable  free 
water,  hardwoods,  for  example,  typieal.lv 
averaging  about  SO.',  in  total  moisture  content, 
but  tills  is  tar  below  the  fu 1 1 v-satural ed 
condition  when  all  cell  cavities  are  completely 
filled  with  water.  All  wood  cells  are  "born" 
under  conditions  of  full  saturation  —  with 
moisture  content  ranging  in  the  hundreds  o; 
percent  —  hence  nature  has  emptied  many  of 
those  cells  through  capillary-imposed  forces 
of  liquid  tension  as  they  are  neatly  removed 
from  the  active  conducting  system  in  the  tree. 
Our  processes  of  drying  wood  merely  complement 
tiie  job  already  done  by  nature.  However,  I 
must  admit  she  left  us  the  hardest  part  to 
remove ! 

•  ’hat  are  the  problems  of  moisture  in 
wood ?  You  are  going  to  hear  much  about  them 
in  this  Svmposium,  They  cover  the  spectrum 
from  drving  wood  through  all  phases  of  pro¬ 
cessing  and  distribution  to  the  installation 
and  protection  of  the  finished  product.  It 
is  hardly  necessary  to  stress  their  import¬ 
ance. 

A  long  tine  ago  l  presented  a  paper 
titled  "How  Wood  Absorbs  and  Swells"  at  a 
seminar  on  Dimensional  Stabi  1  izat  ion  of  U'ooJ 
lie  Id  at  the  Forest  Products  Laboratory  in 
‘lad  i  son .  1 1  was  a  s  t  ra  i gh  t  - f  orwa rd  t  ec bn  i ca  1 

discussion  of  the  phenomena  of  swelling  and 
shrinking.  After  the  symposium,  the  editor 
of  a  Canadian  trade  journal  asked  for  a  copy 
of  my  paper  so  that  he  could  consider  it  for 
publication.  He  did  publish  it  (Canadian 
Woodworker,  May  1959)  and  it  appeared  under 
the  somewhat  ambiguous  title  "Wh.it  You  Should 
Know  About  Wood"  —  a  title  rather  lacking 
in  Keywords  as  bibliographers  might  point 
out.  Spread  prominently  across  the  top  of 
t  lie  title  page  was  the  threatening  admonition: 
"This  could  affect  vour  job!"  I  do  not  doubt 
the  truth  of  that  one  bit.  dobs  and  markets 
too,  have  undoubtedly  been  affected  --  [ 
mean  literally  lost  —  by  neglect  on  the  part 
ot.  manut  ac turors ,  d i st r  ibutors ,  suppliers, 
designers,  arch  i  tects  and  builders  to  con¬ 
sider  the  consequences  of  improper  control 
of  moisture  content,  of  inadequate  measures 
to  accommodate  unavoidable  moisture  variation 
in  their  processing,  storing,  handling,  and 
use  ot  wood  and  wood -bn sod  materials. 


should  we  overlook  misuse  by  the  ultimate 
user  of  wood,  largely  due  to  his  luck  of 
awareness  of  the  problems  of  wood  and  mo  i  -a  ur«.  . 

The  specialists  who  will  ^peak  to  you 
this  morning  and  this  afternoon  will  be 
addressing  some  of  these  problems.  but  to 
cover  all  of  them  would  take  more  than  one 
day . 
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FAC!  OHS  AKFJXT I  NX  '!  ha.  SeP  :  0  N  ’. .  P. 

Ihe  relat  innshii  :  i  r*<  »■:.  -  .:  :v 

content  (M(  i  and  relat  iw  nur  id  it  :  ::  ■  1 
alt'iu’tfi!  by  three  var  :ab  i ».  .---t« r  : r  ar»  , 
cies  ,  and  .specimen  iiist  r- .  '!  :-.t.  »v 

probably  account  i'  r  the  a  i :  : «  r*. t» 
Table  I.  "he  •!'  fa- «  three 

is  discussed  £ ::  t  :a  >;t  ri.r*.  t  ...  *  •  . 


I  m  r  eases  in  ambient  :  e;  «  r  -.t  : .  : 

bvgroscep  i  c  i  t  y  oi  wood.  I : ;  c*  de-  r-ai'i  ,  it 
6  3  ‘  RH,  is  on  the-  order  :  •.-.<}  N-'  ! 
(approx.  0,03  Mt  SCV.  .  :.v  -.Ac  re. tsed  v. 
scop  ic  it y  also  results  in.  a  1  ovt.  r  :  n r  :  t  • 
fiber  saturation  point  (h\^dv,  the  'V  .• 
99.3*  RH).  V.  S.  Forest  Service  •  Fa 

tnussen  1961)  indicate  .it  1  F •'  a  V.-  : 

at  TO1'  F  (2!V'»,  27  '  at  i  -  1  '  F  "  ■  i  •  ,  . 

at  .’FT  (  !00b.")  .  1'hese  >ar.e  d.it.s 
uniform,  reduction  in  b.v  t-.r.  s.  i:.  i  t  ;■  v.  i :  ■ 
creasing  tempo ra turn  t  i-rough. -u I  :  :v  1  o. 

humidity  range.  This  relationship  will  •  . 
discussed  in  no  re  detail  in  a  tel  *. evir.i* 
on  sorption  theories  by  Simp  >c-n. 

Spec ies 


Source:  I’S  FPL  (FPI.  1974),  Canadian 
(v\  ch  and  Ffaff  14*77>,  C.ernun  (Hildebrand  1970), 
British  (Pratt  ll»74). 

A  thermodynamic  analysis  of  the  wet  and 
dry  bulb  thermometer  is  provided  by  Bird  ot. .  aj . 
t,  1 9h0 ,  p .  h . 1 9 )  wh e  r  e  i  n 

- -  =  <DB  -  WB)  (t£)  (|f)2/3 

where 

,  -  saturated  vapor  pressure  of  water  at 

DB/atmospher ie  pressure  (or  mole 
fract.  ion  of  water  in  saturated  air  ) 

...  ■  mole  fraction  of  water  in  air  (the 
desired  number) 

0B  =  dry  bulb  temperature,  °Y 
WB  =  wet  bulb  temperature,  °F 
tip  =  Specific  heat  of  air,  Btu/ lb-mole  °F 
.Ml  =  heat  of  vapor izat ion ,  18,900  btu /lb- 
mole  at  70 °F 
Sc  “  Schmidt  number 
Pr  =  Prandtl  number 


There  is  quite  a  wide  var  i.»  lien  i  v.  t: 
values  for  various  species  and  even  within 
species.  For  example,  SI. tor  (1972,  p.  *  •  1 ' 
ports  that  at  4f )c‘C  and  at  7b'  *2'  KH ,  t 
'f  tropical  hardwoods  from  Venc..ucl  t  vara 
sapwood  samples  had  a  desorbing  mean  Mi  : 
16.246'  -0.7676';  heartwood  samples  vi-ri. 

13. 960:'  -1  .082*. 

Wenger t  (  1976)  reported  a  rangt 
rium  MC  values  for  3  North  American  h  irdv; 
at  80CF  and  80’  RH  of  16.5'  to  19.3- . 

Spalt  (1Q58)  examined  the  sorption  ch 
acteristies  of  various  tropical  species,  v 
the  MC  at  1 00 ‘  K\b  ranging  frrr  H.*'  to  21 

Although  the  proper  t  i  on  of  in.  mi  ce  !  1  u  I 
ho  1 oce 1 1 u 1 ose ,  and  lignin  nay  slightly  in! 
once  the  sorption  behaviour  between  sp»\  it 
much  of  the  variation  is  caused  bv  extr.nl 
Fxt  r.ic  t  i  ves  reduce  :  he  hvgr.’sccp  i  c  i  t  ■*  . 
ther  discussion  oi  ext  r.u  t ives  will  be  dis 
ed  in  a  subsequent  paper  bv  Spalt  it  t Pi¬ 
pes  turn. 


Spec imcn  History 


i'here  are  six  major  influences  or  treat¬ 
ments  that  can  be  grouped  under  the  heading  of 
specimen  history:  a)  hysteresis,  b)  stress, 
c)  temperature,  d)  mechanical,  e)  chemical,  and 
i)  radiation.  Ihe  first  of  these  will  be  dis¬ 
cussed  in  detail  by  Skaar  in  a  subsequent  paper 
in  this  symposium;  the  remainder  are  discussed 
here  in. 

b.  Stress 

The  fact  that  internal  or  external  stresses 
affet  the  moisture  content  of  wood  at  equilib¬ 
rium  is  not  as  well  known  as  the  fact  that  other 
external  factors  affect  wood  moisture  content. 

The  equation  presented  by  Barkas  <1949)  relates 
vapor  pressure,  moisture  content,  and  the  applied 
directional  stress,  and  was  derived  using  thermo¬ 
dynamic  considerat ions .  The  theory  states  that 
wood  in  compression  will  decrease  in  moisture 
whereas  wood  subjected  to  a  tensile  stress  will 
increase  in  moisture  content. 

Studies  have  been  done  using  swelling 
restraints  as  a  means  of  inducing  compressive 
stress  on  wood  blocks.  Using  steel  rings  as 
swelling  restraints,  Bello  (1968)  found  an 
average  moisture  content  reduction  of  0.51  and 
1.44  percent  for  restrained  samples  of  five 
North  American  hardwoods  when  exposed  to  rela¬ 
tive  humidities  of  58  and  87  percent,  respective¬ 
ly.  He  also  observed  a  greater  reduction  in 
moisture  content  for  the  denser  species.  The 
greater  reduction  in  moisture  observed  with 
increasing  humidity  and  density  was  attributed 
to  the  higher  compressive  stresses  associated 
with  these  conditions.  Bello  noted  that  the 
results  were  in  good  agreement  with  Barkas1 
theory . 

Simpson  and  Skaar  (1968a)  used  unidirec¬ 
tional  swelling  restraint  on  red  oak.  Unre¬ 
strained  samples  attained  a  higher  moisture 
content  than  samples  restrained  from  swelling, 
the  largest  reductions  occuring  when  the  oak 
blocks  were  exposed  to  high  relative  humidi¬ 
ties  (80%),  the  moisture  content  reduction  being 
about  0.25  to  0.50  percent.  Other  work  by  these 
authors  (1968b)  confirmed  an  increased  reduc¬ 
tion  in  moisture  content  due  to  compressive 
stress  as  initial  moisture  content  increased, 
and  also  gave  the  appearance  that  there  may  be 
a  greater  reduction  in  moisture  content  at 
higher  stress  levels  (Figure  1).  It  can  also 
be  seen  from  this  figure  that  a  tangentially 
directed  stress  is  more  effective  in  reducing 
the  moisture  content  than  a  radial  stress. 

Simpson  (1971)  induced  either  compression 
or  tension  stresses  in  red  oak  samples.  The 
results  indicated  conclusively  that  moisture 
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Figure  1 . — Change  in  moisture  content  as  a  • 
tion  of  relative  humidity.  Solid  circle, 
tangential  stress  at  90'  fiber  stress  at  pro¬ 
portional  limit  (FSPL);  open  circle,  tangen¬ 
tial  stress  at  60'  FSPL;  solid  square,  radial 
stress  at  90'  FSPL;  and  open  square,  radial 
stress  at  60  FSPL  (Simpson  and  Skaar  1966'i. 


content  decreases  when  wood  is  compressed 
and  increased  when  wood  is  subjected  to  tension. 
The  rate  of  moisture  change  per  unit  stress  was 
greater  for  specimens  loaded  in  tension  than 
those  loaded  in  compression,  and  the  effect  of 
stress  induced  moisture  change  was  more  p re¬ 
nounced  in  the  tangential  direction  than  the 
radial  direction,  as  had  been  indicated  in  the 
previously  mentioned  work.  The  moisture  change 
per  unit  stress  showed  no  significant  differences 
at  different  levels  of  stress.  Although  pre¬ 
dicted  changes  in  moisture  contents  from  the 
Barkas  theory  were  higher  than  the  experimental 
values,  application  of  the  theory  appeared  to 
be  valid. 

Studies  (Libby  and  Haygroen  1961  and  Lyon 
1963)  on  moisture  changes  induced  by  transverse 
tensile  stresses  showed  that  the  magnitude  of 
mositurc  content  increase  for  Pougl as-f i r  de¬ 
creased  with  increasing  initial  moisture  content, 
and  that  this  was  a  greater  factor  in  stress 
induced  moisture  changes  than  the  stress  level. 
The  moisture  content  increase  due  to  the  tangen¬ 
tially  directed  tensile  stress  ranged  from 
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0.02  to  0.20  percent ,  depending  on  tost  condi- 
t  ions.  From  thoso  results,  it  was  conoludod 
that  few  new  sorption  silos  art-  oxposed  .it  higher 
moisture  contents  whon  tonsion  is  applied,  and 
that  most  now  sorption  sites  aro  expose1  at  the* 
low  stress  levels.  Kosults  of  tension  ..;>j  lied 
parallel  to  the  grain  gave  an  initial  loss  and 
then  an  inoroaso  in  Moisture  eontent  with  tir.it*. 
iho  initial  loss,  the  authors  suggest  ,  nav  bo 
duo  t o  an  increase  in  ervsta 1 1  ini t v . 

The  discussion  of  stress  et  feels  lias,  up 
to  this  point,  been  confined  to  external  stress¬ 
es.  Stresses  can  result  from  internal  factors 
such  as  moisture  gradients,  which  if  severe 
enough  during  drying  will  result  in  casehardened. 
lumber.  Microscopic  tissue  anisotropy,  duo  to 
rays  and  differences  between  earlvvood  and  late- 
wood ,  and  microscopic  anisotropy  exhibited  bv 
1)  fibril  orientation  differences  in  the  SI  and 
S3  compared  to  the  S2 ,  and  by  2 )  interfibril 
bonds  which  limit  swelling  between  fibrils, 
also  result  in  causing  internal  stresses  (Skaar 
1972).  Four  difterent  conditions  of  stress  have 
been  applied  bv  Barkas  (1949)  in  calculating 
the  isotherms  for  spruce  shown  in  Figure  J. 


Figure  2. — Sorption  isotherms  calculated  bv 
Barkas  (1949)  for  spruce.  A,  constant  volume 
of  cell  wall;  B,  constant  volume  of  gross 
wood;  C,  natural  sorption;  and  D,  stress-free 
sorpt ion . 

Isotherm  A  represents  a  restraining  condition 
which  keeps  the  cell  wall  at  constant  volume. 
Cross  wood  volume  remains  constant  in  isotherm 
B,  so  that  swelling  occurs  in  the  cell  cavities. 
The  natural  sorption  isotherm  C,  depicts  wood 
unrestrained  externally,  but  still  subject  to 
the  microscopic  restraints  previously  mentioned. 


Isotherm  I)  includes  only  those  stresses  exerted 
by  the  mi crof i hr i 1 s  (microscopic  stresses). 

In  summary,  stress  does  affect  the  sorp¬ 
tion  isotherm.  As  depicted  in  Figure  3,  a  «.  em¬ 
press  ive  force  decreases  the  KMC.  while  a  tensile 
force  increases  it.  The  initial  moisture  centent 


Figure  3. — Sorpt ion  isotherms  for  sitka  spruce 
showing  shift  due  to  tension  (upper  curve)  and 
compression  (lower  curve)  (Skaar  1972), 

at  which  the  stress  is  applied  is  a  significant 
factor.  High  moisture  contents  result  in  a 
greater  reduction  in  moisture  when  stressed  in 
compression,  and  a  smaller  increase  in  moisture 
when  tension  stresses  are  applied,  compared  to 
lower  moisture  contents.  The  effect  that  level 
of  stress  has  is  probably  small.  Compressive 
stresses  applied  in  the  tangential  direction 
reduce  the  moisture  content  more  than  those 
applied  radially.  The  rate  of  moisture  change 
per  unit  stress  is  greater  for  specimens  exposed 
to  tension  stresses  than  for  those  loaded  in 
compress  ion . 

The  effect  of  stress  on  moisture  content 
would  be  present  in  pi \*wood  as  it  shrinks  and 
swells,  and  large  wood  members  as  well  as  dry¬ 
ing  wood  duo  to  the  stresses  caused  by  moisture 
grad  ients . 

c.  Temperature 

Many  researchers  have  reported  the  suppress¬ 
ing  effect  exposure  to  high  temperatures  for 
lengthy  periods  of  time  has  on  the  subsequent 
wood  moisture  content  when  equilibrium  is  reach¬ 
ed.  Several  studies  on  the  physical  and  mechani¬ 
cal  properties  of  high  temperature  dried  wood 
have  been  done  and  all  indicate  the  reduction 
in  the  equilibrium  moisture  content  (KMC)  in 
high  temperature  drying  is  of  the  same  magnitude. 


The  reduet  ion  is  usually  iron  0.5  to  3.0  percent 
compared  with  conventional  temperature  kiln  dry¬ 
ing  and  from  1.0  to  5.0  percent  when  compared  to 
air  drying.  The  magnitude  of  tin*  reduction  is 
affected  primarily  by  species  and  high  tempera¬ 
ture  drying  schedule,  with  some  effect  of  other 
factors  such  as  the  convent iona I  drving  schedule 
used  for  comparison,  equilibrium  moisture  condi¬ 
tion,  initial  moisture  content  at  start  of  equal¬ 
izing,  and  extractives  content.  (Huffman  lL)/7, 
Ki'ch  and  Well  ford  1077,  U-zlick  197b,  Richards 
19  58,  Salamon  1 9b  3,  Salamon  et.  a i .  1975,  and 
T  r  o  xe  1 1  and  l.u  a  1 9  7 2 . ) 

Salamon  et  al.  (196  3)  compared  sorption  for 
eleven  different  western  softwoods  using  high 
temperature,  convent iona 1 ,  and  air  drying  meth¬ 
ods.  The  reduction  in  hygroscopic i t v  due  to  high 
temperature  drying  for  anubilis  fir  and  yellow 
cedar,  showed  a  difference  of  1  percent  moisture 
content  after  2  years  storage.  Greater  moisture 
differences  of  up  to  3’  notween  convent iona 1  and 
high  temperature  drying  schedules  was  exhibited 
with  mountain  !Vug!us-f ir ,  lodgcpok-  pine,  and 
Western  red  cedar.  From  tile  isotherms  generated 
bv  closely  controlled  sorption  conditions  in  this 
same  study  the  greatest  differences  occured  .it 
higher  relative  humidities  of  70  to  90  percent. 
This  agrees  with  results  obtained  by  Richards 
(1958),  who  noted  that  the  magnitude  of  the  re¬ 
duction  in  the  hygroscopic ity  of  seven  high 
temperature  dried  hardwoods  was  more  pronounced 
at  t tie  h i ghe r  KMC  c  end  i  t  i ons  . 

Using  small  samples  and  heating  several 
species  at  oven  drv  conditions,  Millett  and 
Corhards  (1972)  recorded  reductions  in  hvgro- 
scopicitv  for  different  temperatures  and  times. 

As  can  be  seen  in  Figure  4  %  the  effect  of  in¬ 
creasing  time  and  increasing  temperature  re¬ 
sulted  in  decreasing  KMC.  Although  not  shown 
here,  their  results  also  indicated  that  the 
reduction  rate  for  the  KMC  was  greater  for 
hardwoods  than  for  softwoods.  Although  heating 
wood  in  oven-dry  conditions  produced  a  notice¬ 
able  reduction  in  KMC,  the  changes  in  hygro¬ 
scopic  Ity  when  wood  is  steamed  or  heated  in 
water  are  less  understood  (McLean  1945  and  Stamm 
1964) . 

The  reduction  in  hygroseopieitv  due  to 
heating  the  wood  results  in  some  degree  of  di¬ 
mensional  stabilization.  Stamm  et  aj  .  (  1935) 
expressed  the  reduction  in  hygroscopic i ty  as 
the  antishrink  efficiency,  as  determined  bv 
weight  changes  in  relative  c\cles  form  30  to 
90  percent.  Figure  3  shows  the  antishrink 
efficiency  plotted  against  heating  temperature. 
This  graph  indicates  the  linear  increase  in 
antishrink  efficiency  (reduction  in  hygro¬ 
scopic  ity)  with  increasing  temperature  for  a 
given  time,  as  well  as  the  effect  of  increasing 
time  on  reducing  hygroseopieitv. 


DAYS 

Figure  4. — Average  equilibrium  mo i stun*  content 
of  six  species  as  a  function  of  t-xposun  t  ir.e 
and  temperature  (Millett  and  Uerhard*  1  (i72>. 


HEATING  TEMPERATURE  (°0 

Figure  5. — Antishrink  efficiencies  obtained  by 
heating  western  white  pine  cross-sect  ions 
*5  inch  thick  under  molten  metal  at  different 
temperatures  for  different  '■  riods  of  time 
(St  amm  e t .  a  l .  1  9ib )  . 

Currently,  the  widely  supposed  reason  for 
the  thermal  induced  reduction  in  h vgroscop i c i t v 
is  the  hydrolysis  reaction  in  the  degradation 
of  the  hemice 1 1 u 1 ose  which  results  in  the 
destruction  of  sorption  sites.  Other  ex¬ 
planations  have  been  offered  such  as  a  moisture 
content  reduction  due  to  large  drying  stresses 
created  during  high  temperature  drying,  or  a 
hysteresis  effect  created  in  the  high  tempera¬ 
ture  kiln. 


When  wood  is  heated  (as  opposed  to  dried), 
it  can  he  seen  that  the  reduet  ion  in  hygro- 
seopieitv  when  wood  is  boiled  in  water  or 
steamed  has  been  less  explored  and  is  thus  less 
well  known.  There  is  an  effort  due  to  species, 
perhaps  due  to  extractives  content,  and  it  ap¬ 
pears  that  the  rate  of  reduction  in  hygro¬ 
scopic  i  tv  is  larger  for  hardwoods  than  for 
softwoods.  Work  conducted  by  Stamm  et  al.  (1935) 
indicates  that  the  reduction  in  hygroscopic! tv 
due  to  thermal  treatment  will  last  indefinitely. 

The  shift  in  the  sorption  isotherm  would 
be  expected  to  occur  for  other  heated  products 
such  as  heated  veneer  logs,  plywood,  particle¬ 
board,  and  charcoal. 

J.  Mechanical 

Mechanical  treatments  refer  to  the  mech¬ 
anical  breakdown  of  sol  id  wood.  As  the  wood 
is  broken  down,  it  becomes  slightly  more  ab¬ 
sorptive.  Stamm  (1964«  speculates  that  mechan¬ 
ical  breakdown  may  cause  a  breakdown  of  the 
crystallinity  at  the  surface  of  the  fibers. 
However ,  at  75  RH,  the  increase  in  ahsorbtivity 
is  only  1/?'MC  for  loblolly  pine  that  is  thor¬ 
oughly  beaten. 

e.  Chemical 

Chemical  treatments  can  affect  wood  and 
its  sorption  properties  in  many  ways  by  modi¬ 
fying  the  ext  rati vos  and/or  cellulose  constit¬ 
uents  . 

As  extratives  are  removed,  increased  hygro- 
scojucitv  will  be  noted,  unless  the  extratives 
are  more  hygroscopic  than  the  wood. 

One  of  the  most  influential  treatments  in¬ 
creasing  hvgroscop ic i t y  (Stamm  1964)  is  the 
treatment  of  pulp  with  a  strong  alkali.  In¬ 
crease  of  1.1  to  1.5  times  greater  hygroscopici tv 
at  high  humidities  were  noted. 


current  s i tuat ions — high  temperature  dried 
softwood  dimension  lumber,  many  panel  products, 
and  some  imported,  tropical  species. 

High  temperature  dried  dimension  lumber, 
as  mentioned  earlier,  has  been  shown  to  have 
decreased  hygroscopici ty  when  compared  to 
normal  kiln-dried  or  air-dried  lumber.  This 
in  turn  raises  a  question  of  determining  strength 
related  properties.  Should  strength  be  deter¬ 
mined  at  a  standard  moisture  content  or  should 
strength  be  determined  after  reaching  moisture 
equilibrium  at  a  specified  relative  humidity 
(without  respect  to  the  moisture  content 
level)?  Another  question  is  the  application 
of  the  19.'  and  15"'  moisture  content  limits  of 
the  vo  1  unitary  lumber  standard  used  in  marketing 
softwoods,  as  to  reach  these  limits  means  that 
high  temperature  dried  lumber  is  in  equilibrium 
with  higher  relative  humidities. 

A  second  area  of  practical  significance 
is  with  panel  products.  In  addition  to  the 
strength  question  raised  above,  it  is  also 
important  to  realize  that  when  panels  are  fab¬ 
ricated  into  items  such  as  furniture,  having 
all  pieces — veneer ,  solid  wood,  and  the  panel — 
at  the  same  moisture  content  may  not  assure 
stability  as  the  three  components  may  be 
initially  at  equilibrium  with  three  different 
humid i t ies . 

The  third  area  of  practical  significance 
is  with  those  species  that  have  high  extract  ives 
and  depressed  isotherms.  In  purchase  of  this 
lumber  with  a  moisture  content  specification 
it  is  necessary  to  specify  lower  moistures 
than  with  domestic  hardwoods.  Further,  hard¬ 
wood  kiln  schedules  (which  are  based  on 
"normal"  isotherms)  will  result  in  unsuspected 
acceleration  of  the  temperature  schedule  and 
possible  degrade. 


FUTURE  ISOTHERM  PAT A 


t.  Radiation  There  are  probably  many  ways  to  handle 

the  sorption  isotherm  variation,  ranging  from 

The  t cot  ot  gamma  radiation  on  Sitka  developing  an  isotherm  for  every  piece  of  wood 

spruce  wood  shows  a  distinct  decrease  in  hvgro-  to  ignoring  the  problem.  We  hope  that  this 

sropicitv  (on  the  order  of  1  to  7‘MC  with  a  svmposium  will  discuss  rational  approaches. 

radi.it  ion  of  10^  r.uls)  (Futon  and  Hearmon  1957). 

We  would  suggest  that  a  series  of  perhaps 
five  standard  isotherms  (perhaps  the  isotherm 

IMPLICATION  OF  SoKPTION  ISOTHERM  VARIATION  should  be  the  average  of  ad-  and  desorbing) 

be  developed  to  represent  the  range  from  the 

Initial lv,  we  stated  that  the  relationship  most  hygroscopic  to  the  least  hygroscopic 

between  moisture  content  and  relative  humid i tv  cases.  Then  wood  and  wood  products  could  be 

is  extremely  important.  Yet,  as  shown  by  manv  indicated  as  behaving  according  to  one  of  these 

researchers,  the  relationship  is  affected  by  standard  isotherms.  As  processing  evolves 

many  variables.  In  many  in-use  situations,  the  further  and  as  specificity  for  wood  and  wood 

standard  PS  FPL  data  mav  be  sufficient.  However,  products  increases,  the  question  of  how  to 

it  is  clear  that  this  data  is  sufficiently  gen-  handle  the  variable  isotherm  must  bo  addressed, 

eruiized  that  it  does  not  apply  to  several 
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PSYCHROMETRIC  RELATIONSHIPS  AND  EQUILIBRIUM  MOISTURE  CONTENT ' 

OF  WOOD  AT  TEMPERATURES  ABOVE  212  r'F 

By  Howard  N.  Rosen 
Research  Chemical  Engineer 
USDA  Forest  Service 

North  Central  Forest  Experiment  Station 
Carbondale,  Illinois 


ABSTRACT 

'  Equations  are  derived  to  evaluate  psychrometric  relation¬ 
ships  over  a  range  of  dry  bulb  temperatures  from  200  to  500  °F  ' 
and  wet  bulb  temperatures  from  100  to  210  3F.  Wet  bulb 
temperature,  adiabatic  saturation  temperature,  dew  point, 
relative  humidity,  steam  content,  and  enthalpy  of  humid  air 
streams  are  discussed.  Graphs  and  a  chart  are  presented  that 
relate  relative  humidities  and  dry  and  wet  bulb  temperatures 
to  equilibrium  moisture  content  of  wood.  The  practical  prob¬ 
lems  relevant  to  evaluation  and  usage  of  psychrometric- 
equilibrium  moisture  content  interactions  are  discussed  and 
several  areas  of  future  research  are  suggested.  s 


NOTATION 

A  area  of  wetted  surface,  ft' 

c  heat  capacity,  Btu/lb  'F 

Dv  diffusion  coefficient,  ft'/hr 

h  heat  transfer  coefficient,  Btu/hr  ft'  °F 

H  enthalpy,  Btu/lb  dry  air 

AHV  latent  heat  of  vaporization,  Btu/lb 

k  thermal  conductivity,  Btu/ft  F  hr 

M  molecular  weight,  lb/lb  mole 

N^e  Lewis  number,  k/cpDv 

p  partial  pressure  of  water  vapor,  psi 

p*  saturated  pressure  of  water  vapor,  or 
above  212  °F,  vapor  pressure  of  water, 
psi 

p  average  partial  pressure  of  air,  psi 
Pt  total  pressure  of  drying  atmosphere,  psi 
Q  heat  transfer,  Btu/lb  dry  air 


Q  heat  transfer  rate,  Btu/hr 

ft H  relative  humidity,  percent 

SC  steam  content,  percent 

T  temperature,  F 

W  mass  rate  of  evaporation,  Ib/hr 

Y  humidity  based  on  Tas,  lb  water  vapor/lb 
dry  air 

Y'  humidity  based  on  T^,  lb  water  vanor/lb 
dry  air 

<  mass  transfer  coefficient,  lb/hr  ft'  atmos 

<  mass  transfer  coefficient,  lb/hr  ft'  unit 

humidity  di fference 

o  density 

Subscripts 

a  air 

av  averaqe 

db  dry  bulb 


— - - - - -  dp  dewpoint 

iPaper  presented  at  the  Symposium  on  Wood 
Moisture  Content--Temperature  and  Humidity 
Relationships.  Virginia  Polytechnic  Institute 
and  State  University,  Blacksburg,  VA,  Oct.  29 
1979. 
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aii'  film 


m  air-water  vapor  mixture 

s  at  adiabatic  saturation  temperature 

t  total 

T  at  dry  bulb  temperature 

w  water 

wb  at  wet  bulb  temperature 

w v  water  vapor 


Psychrometry  is  a  simple  and  inexpensive 
method  to  measure  the  relative  amounts  of  air 
and  water  vapor  in  a  humid  air  stream.  The 
method  requires  measuring  the  actual  air  tem¬ 
perature  (dry  bulb  temperature,  Tdb)  as  well 
as  the  temperature  of  a  wetted  "sock1'  from 
which  water  is  vaporized  into  a  gas  (wet  bulb 
temperature,  Twb).  Worrall  (1965)  states  that 
the  psychrometer  is  well  suited  for  measuring 
humidities  up  to  temperatures  of  500  I. 

Until  recently  the  forest  products  indus¬ 
try  had  little  interest  in  psychrometric  re¬ 
lationships  and  the  influence  of  humidity  on 
equilibrium  moisture  content  of  wood  at  tem¬ 
peratures  above  the  boiling  point  of  water. 

This  interest  has  been  encouraged  recently  for 
two  reasons:  first,  the  increased  use  of  high 
temperature  kilns  to  dry  lumber  and,  second, 
the  need  for  energy  conservation  in  wood 
processing.  Moisture  content  control,  espe¬ 
cially  important  when  drying  lumber  for  furni¬ 
ture  stock,  depends  on  maintaining  a  prescribed 
humidity  in  the  kiln.  Also,  humidity  determi¬ 
nations  are  required  for  evaluating  energy  use 
and  for  energy  recovery  potentials  from  lumber 
kilns  and  veneer  dryers  (Corder  1976,  Posen 
1979a). 

Considerable  experimental  data  have  been 
presented  to  justify  the  theory  for  developing 
psychrometric  charts  below  210  "F  (Wengert 
1979).  But  psychrometric  charts  for  tempera¬ 
tures  above  210  °F  have  been  based  on  an  exten¬ 
sion  of  the  low  temperature  theory  with  very 
little  experimental  justification  (Anon.  1976, 
Evans  and  Vaughan  1977,  Zimmerman  and  Lavine 
1964). 

In  this  paper  I  derive  the  mathematical 
equations  for  calculating  psychrometric  charts, 
show  the  limitations  of  the  equations,  present 
high  temperature  psychrometric  charts  best 
suited  for  the  conditions  encountered  in 
processing  wood  products  (200-500  F  Tgb  and 
100-210  T  Twb),  and  present  high  temperature 


equilibrium  moisture  content  (EMC)  data  from 
the  literature.  I  also  discuss  the  major  gaps 
in  psychrometric-EMC  technology  above  212  "F 
and  where  the  emphasis  on  research  should  be 
placed  to  fill  these  gaps. 


'.'fVHOPMfNT  Of  PSYf.HROMETPIC  CHARTS 

Adiabatic  Saturation  Temperature 

When  unsaturated  air  is  brought  in  contact 
with  water,  the  air  is  humidified  and  cooled. 

If  the  system  is  operated  so  that  no  heat  is 
gained  or  lost  to  the  surroundings,  the  process 
is  adiabatic.  Thus,  it  the  water  remains  at  a 
constant  temperature,  the  latent  heat  of  evapo¬ 
ration  must  equal  the  sensible  heat  released  by 
the  air  in  cooling.  If  the  temperature  reached 
by  the  air  when  it  becomes  saturated  is  the  same 
as  the  water,  this  temperature  is  called  the 
adiabatic  saturation  temperature ,  Jr. 

When  air  at  temperature,  rgt),  and  humidity, 
Y,  is  cooled  to  Ts  (symbols  are  defined  in  the 
Notation  section),  the  air  will  give  uP  a  quan- 
1 1  ty  of  heat ,  I).  : 

0.  -  (Vi,  *  Y  (Hwv>,  -  (Ha>s  -  Y  (Hwv)s'  (1) 

As  the  air  cools,  its  humidity  increases 
from  Y  to  Y$  at  saturation,  and  the  heat  ab¬ 
sorbed  bv  the  vaporizat ion,  Q, ,  is: 

Oz  ■  A  -Y)  r ehwv)s  -  ( hw ) s ] .  (2) 

Because  the  process  is  adiabatic,  Qj  -  0- ,  and 
after  rearrangement : 

\  [(Hwv>,  -  (Hw)s]  +  (Ha)$  -  (Ha)T 

( Hwv ) j  -  ( Hw) s 


Enthalpies  are  based  on  zero  for  liquid 
water  at  32  F[(‘.Hv)32  =  '075.1  Btu/lb];  thus 


Saturation  humidity  is  related  to  the  par¬ 
tial  pressure  of  the  water  vapor  at  the  adiabatic 
saturation  temperature,  p* ,  for  one  atmosphere 


total  pressure  (Zimmerman  and  Lavine  1964)  by: 
0^6244  ^  .  (8) 

s  (14.70  -  pf) 

For  the  range  of  conditions  from  100  to 
212  aF,  partial  pressure  (fig.  1)  can  be  accu¬ 
rately  related  to  Ts  by: 


p*  =  1.236  x  107  exp(- 


9160  . 

Ts'  V  459.6' 


Values  for  cwv,  ca,  and  cw  as  a  series 
function  of  temperature  are  obtained  from  the 
literature  (Appendix). 

The  integrated  forms  of  Equations  (4)  to 
(7),  as  well  as  Equation  (8),  were  substituted 
into  Equation  (3)  to  obtain  V  as  a  function  of 
Tdb  and  Ts. 

DRY  BULB  TEMPERATURE  ("C| 


DRY  BULB  TEMPERATURE  (”F) 

Figure  1. --Vapor  pressure  of  water  as  a  function 
of  temperature  (to  convert  psi  to  kPa,  multi¬ 
ply  by  6.895). 

Wet  8uib  Temperature 

Unsaturated  air  is  passed  over  a  wetted 
thermometer  bulb  such  that  water  evaporates  from 
the  wetted  surface  causinq  the  thermometer  bulb 
to  cool  (fig.  2).  An  equilibrium  temperature. 
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Figure  2. — Diagram  of  a  wet  bulb  thermometer. 

called  the  wet  bulb  temperature,  Twb,  is  reached 
when  the  rate  of  heat  transfer  from  the  wetted 
surface  by  convection  and  conduction  is  equal  to 
the  rate  at  which  the  wetted  surface  loses  heat 
in  the  form  of  latent  heat  of  evaporation.  The 
heat  transferred  as  sensible  heat  from  the  air 
to  the  wetted  thermometer  bulD,  0i>  is 

0:  -  hf  A  (Tdb  -  Twb)  .  (10) 

Heat  lost  by  evaporation,  which  must  dif¬ 
fuse  through  the  air  film. that  covers  the  wetted 
surface,  is  expressed  as  Q. ; 


W  ’  Mwv  A  r  (p*b  -  p)  .  (12) 

When  the  partial  pressure  of  water  vapor 
is  small  compared  to  that  of  air,  the  following 
expression  can  bo  used  (Treybal  1955): 


(Pwb  '  P)  ' 


Redefining  <  in  term'  of  a  humidity  difference, 
k  -  p  x,  and  combining  Equations  (11)  to  (13) 
yields; 


02  =  (AHv)wb  A  r  (Ywb  -  V) 

Twb •  0,  -  0,  .  Thus, 


The  followinq  relationship  was  found  to  be 
true  for  dilute  concentrations  (Bennett  and 
Myers  1962): 


(16) 


DRY  BULB  TEMPERATURE  (“C) 


f 


hf 


(Nie) 


7  ' 


/  * 

(c'T  Dv) 


Combining  Equations  (15)  and  (16): 


Ywb  * 


(NLe 


7 3 


(AH. 


( Td b  "  Twb) 


(17) 


^  wb 


Values  of  NLe  ar1d  cm  are  functions  of 
temperature  and  humidity  (see  Appendix)  and 
(AHv)wh  can  be  represented  by  (Zimmerman  and 
Lavine  1964): 


(AHv)wb  =  1094  -  0.576  Twb  .  (18) 

We  cannot  obtain  an  explicit  relationship  be¬ 
tween  V,  Tdb,  and  Twb.  Thus,  Equation  (17) 
must  be  solved  by  trial  and  error. 


figures  3  and  4  show  plots  of  Equations 
(3)  and  (17)  for  the  range  of  conditions  from 
100  to  212  "F  Twb  and  200  to  500  °F  Tdb. 


figure  3. --Psychrometric  chart  for  low  humidity-- 
solid  horizontal  lines  are  constant  wet  bulb 
temperature  ("F/°C),  dotted  lines  are  con¬ 
stant  adiabatic  saturation  temperature. 


DRY  BULB  TEMPERATURE  ("FI 

Figure  4. --Psychrometric  chart  for  high 
humidity--sol id  horizontal  lines  are  constant 
wet  bulb  temperature  (‘F/°C),  dotted  lines 
are  constant  adiabatic  saturation  temperature. 


Comparing  Y  and  Y' 

Equations  (3)  and  (17)  can  be  compared 
after  some  terms  are  redefined  and  certain 


assumptions  are 

made. 

Because, 

(AHV 

) s  =  ( Hwv ) s 

-  (Hw)s 

(19) 

or 

(«w) 

s  =  (Hwv)s  ' 

■  (AHV)S  , 

(20) 

equation  (3)  can  be  rearranged  to  yield 


Ys  (.’Hv)s  +  (Ha)s  -  { Ha )  i  (21) 

(  Hv)^  +  (Hv/y)j  -  (Hwv)^ 

Averaqe  values  of  heat  capacities  in  Btu/lb  'F 
(0.24  for  air  and  0.46  for  water)  are  sub¬ 
stituted  into  Equations  (4)  to  (6),  which  after 
i ntegrat  ion  y i el  d : 


UHI  bui  H  TEMPERATURE 


(Hwv)s  --  (.'Hv)3?  *  0.46  (Ts  -  t?),  (4a) 

(HwvW  '  ( 'Hv )  32  +  ^-^6  (Tdb  -  32),  and  (6a) 

(Ha)s  -  (Ha )T  --  0.24  (Ts  -  Tl1b)  .  (6a) 

Equations  (4a)  to  (6a)  can  he  substituted  into 
Equation  (21  )  to  yield : 

v  T  Ys  -  (0'2y-,u  v  6  Y)  (T^b-  Ts)  •  (22) 


Equation  (22)  is  in  the  same  form  as  Equation 
(12)  and  the  two  are  identical  for  Npe  =  1.0 
and  cm  =  0.24  +  0.46  Y. 

Because  Twb  is  usually  measured  in  prac¬ 
tical  application,  further  concepts  will  be 
based  on  Y1  rather  than  Y. 


Dew  Point  Temperature,  Tj,, 


The  dew  point  is  the  temperature  at  which 
a  given  sample  of  moist  air  becomes  saturated 
as  it  is  cooled  at  constant  pressure.  Dew 
point  temperatures  can  be  evaluated  by  construct¬ 
ing  a  horizontal  line  on  a  psychromatic  chart 
from  a  point  corresponding  to  the  oriqinal  tem¬ 
perature  and  humidity  to  a  point  with  the  same 
humidity  on  the  100  percent  saturation  curve 
(fig.  4).  The  dew  point  also  can  be  calculated 
directly  by  knowing  the  humidity; 


Tdp 


9160 

16.33  -  In  pjb 


469.6 


(23) 


where 

_  14.70  r 

‘  0.6244_  V  Y ‘ 

A  large  difference  exists  between  T(jp  and 
Twb,  especially  at  Twb  below  160  F  (fig.  6). 


Relative  Humidity,  RHSteam  Content,  SC 

Relative  humidity  expressed  on  a  percent¬ 
age  basis  is  defined  bv : 

RH  =  P*  x  100  .  (24) 

Above  212  T  at  atmospheric  conditions, 

RH  must  be  less  than  100  percent  because  at  the 
most  p  can  be  1  atmosphere  a  id  p*  must  be 
greater  than  1  atmosphere.  At  S00  T,  the  maxi¬ 
mum  relative  humidity  is  only  2.2  percent. 

A  useful  concept  called  the  steam  content, 
SC,  is  helpful  when  describing  high  temperature 
environments  (Sturney  1952): 
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figure  5. --Dew  point  temperature  as  related 
to  wet  and  dry  bulb  temperature. 


c f  _  1>  x  10°.  (25) 
"  Pt 

Constant  SC  lines  are  thus  lines  of  constant 
partial  water  vapor  pressure  and  are  coinci¬ 
dent  with  dew  point  lines. 


Combining  Equations  (24)  and  (251,  at 
atmospheric  pressure , 


SC  . 


(26) 


Thus,  the  100  percent  SC  line  gives  the  great¬ 
est  RH  that  can  exist  at  each  temperature. 


Enthalphy,  H 


Enthalpy,  or  heat  content  o*  a  substance, 
is  generally  the  difference  between  the  enthalpy 
at  some  temperature  and  an  arbitrary  temperature 
(32  T  in  this  paper  1.  The  enthalpy  of  a  humid 
air  stream,  H,  is  thus 

H  '  ( Ha ' T  +  v'  (Hwv)t  (•’<) 


H 


vtchv 


,-db 


I  h 


Substituting  the  values  of  ca  and  cwv  from  the 
Appendix,  and  V  from  Equation  (17),  H  can  be 
evaluated  for  the  range  of  T^b  and  Twt>.  For  a 
constant  wet  bulb  temperature,  the  change  in 
enthalpy  from  200  to  500  °F  dry  bulb  tempera¬ 
ture  is  small.  As  dry  bulb  temperature  rises, 
the  increase  in  sensible  heat  of  the  humid  air 
is  approximately  equal  to  the  decrease  in 
latent  heat  due  to  a  decrease  in  humidity. 

The  average  values  of  H  for  each  wet  bulb 
temperature  are  within  1  percent  of  H  values 
for  the  range  of  dry  bulb  temperatures  (fig.  6). 
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Figure  6. --Enthalpy  of  humid  air  streams  as  a 
function  of  wet  bulb  temperature  (to  convert 
Btu/lb  to  kj/kg,  multiply  by  2.325) . 


THE  RELATIONSHIP  OF  EMC  TO  WET 
AND  DRY  BULB  TEMPERATURE 

Much  of  the  basic  data  and  mathematical 
techniques  evaluating  EMC  at  temperatures  above 
212  °F  were  developed  in  the  late  1940's  and 
early  1 950 ' s  in  Germany  and  Australia  (Kauman 
1956,  Kollmann  1961).  Until  recently,  the  only 
EMC  data  available  above  212  T  was  for  pure 
superheated  steam  at  atmospheric  conditions 
(Hann  1965)  (fiq.  7).  The  pure  superheated 
steam  curve  (Twb  =  212  "f)  represents  the 
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Figure  7 .  —  Equ i 1 ibrium  moisture  content  values 
for  wood  in  pure  superheated  steam  at 
atmospheric  pressure. 


maximum  EMC  attainable  at  each  dry  bulb  tem¬ 
perature.  Above  212  CF,  EMC  drops  rapidly 
with  increasing  temperature  to  less  than  3 
percent  at  275  °F,  Rosen  (1978,  1979b)  has 
presented  EMC  values  for  wood  in  air-steam 
mixtures  (fig.  8). 
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Finure  8 . --Fqui 1 i bri um  moisture  content  of  wood 
in  air-water  vapor  mixtures  (points  ars  based 
on  the  average  of  7  to  12  values). 
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The  charts  and  tables  in  the  literature 
(Kauman  1956,  Ladel 1  1957)  relating  EMC  to 
conditions  in  humid  air  streams  above  212°  F  at 
atmospheric  pressure  are  based  on  an  extrapo¬ 
lation  technique  (table  1).  Stamm  and  Lough¬ 
borough  (1935)  observed  from  desorption  iso¬ 
therm  data  (fig.  9)  that  a  plot  of  the  logarithm 
of  water  vapor  pressure  against  the  reciprocal 
of  absolute  temperature  (isosteres)  for  a  num¬ 
ber  of  different  moisture  contents  yielded  a 
straight  line  (fiq.  10).  Extension  of  the 
isosteres  to  temperatures  above  212  F  agree^ 
within  1  percent  moisture  content  of  experi¬ 
mental  data  in  pure  superheated  steam  (fig.  7). 


Figure  9. --Desorption  isotherms  at  several 
temperatures  for  Sitka  spruce  (Stamm  1964). 

To  illustrate  the  method,  find  the  EMC  at 
Tjb  of  225  T  and  Twb  of  200  'T. 

RH  =  60  percent  (fig.  4) 

p*  =  18.9  psi  (fig.  1 ) 

p  -  18.9  x  -60  =  11.2,  Equation  (24) 

100 

Thus,  EMC  =  5.8  (fig.  10). 

Several  investigations  also  showed  the 
extrapolation  technique  could  be  used  to  evalu¬ 
ate  EMC  for  pressures  other  than  atmospheric 
above  212  °F  (Czepek  1952,  Kauman  1956, 
Keylwerth  and  Noack  1964,  Krbll  1951)  (fig. 

11).  Equilibrium  moisture  content  data  for  a 
range  of  pressures  and  temperatures  above  212 
°F  are  given  in  several  adsorption  isotherm 
studies  (Engelhardt  1979,  Noack  1959,  Strickler 
1968).  Interpretation  of  EMC  data  at  the  hiqh- 
er  temperatures  is  complicated  by  partial 
thermal  degradation  and  loss  of  wood  mass,  but 
investigators  have  shown  methods  to  correct 
for  this  loss.  Separate  investigators  found 
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Figure  10. --Extrapolat ion  of  vapor  pressure 
versus  temperature  for  several  EMC  1 s . 

big  differences  in  EMC  values,  especially  above 
80  percent  relative  humidity,  as  typified  by 
the  338  "F  isotherms  (fig.  12).  Differences  in 
experimental  technique  and  wood  species  might 
account  for  the  disparity. 


PROBLEMS  IN  PRACTICAL  USAGE  OF 
PHYCHROMETRIC-EMC  INFORMATION 

Accurate  measurement  of  wet  bulb  tempera¬ 
tures  is  more  difficult  at  dry  bulb  temperatures 
above  212  F  than  below  212  'F.  The  design  of 
the  wet  bulb  thermometer  and  wick  must  be  such 
that  the  surface  of  the  bulb  remains  wet  and 
adequate  humid  air  is  circulated  across  the 
wick  to  ensure  that  all  the  heat  of  evaporation 
of  water  from  the  wick  is  transferred  as  sensible 
heat  to  the  humid  air.  Wet  bulb  sensing  devices 
that  are  adequate  for  low  temperature  operations 
are  not  necessarily  adequate  for  h i ah  tempera¬ 
ture  operations. 

Many  of  the  psychrometric  charts  and  tables 
in  the  literature  assume  that  the  adiabatic 
saturation  and  wet  bulb  temperatures  are  equal 
and  neglect  the  change  in  properties  of  the 
physical  parameters  with  temperature  and 
humidity.  Thus,  humidities  are  calculated  from 
relationships  similar  to  Equation  (22). 

Fiqures  3  and  4  clearly  show  a  differet  r 
between  humidities  evaluated  at  the  same  Ts  and 
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Table  1  . --Hiqh-temperature  relative  humidity  and  equilibrium  moisture 
(Kauman  1956,  Lade  1  I  1997). 
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figure  1 1 . --Equi 1 i brium  moisture  content  of  wood  and  100  percent  stear  content  lines 
at  various  total  pressures  (Kauman  1956!. 


Figure  1 2 . --Comparison  of  experimental  and 
extrapolated  isotherms  at  338  "F. 


Twb  at  0,jb  above  200  'F.  Even  tnc-jcin  tee 
analysis  of  this  paper  takes  into  account  tee 
changes  in  physical  parameters  with  craning 
conditions,  several  relationships  [sucr  as 
Equations  (13)  and  (16)]  need  to  be  examined 
more  carefully  for  high  humidities.  Because 
there  is  minimal  experimental  verification  o * 
psychrometric  relationship  above  212  F,  the 
best  ratheratical  approach  for  describing  the 
interaction  of  V,  and  Twp  will  remain 

arbitrary. 

The  lack  of  EMC  data  and  differences  in 
existing  EMC  data  above  212  Fisa  major  prob 
lem.  Although  the  isostere  extrapolations  fit 
well  for  pure  superheated  steam  at  atmospheric 
pressure,  they  predict  high  for  air-steam 
mixtures  (compare  values  from  table  1  with 
those  of  figure  8). 


RECOMMENDATIONS  FOR  FUTURE  RESEARCH 

1.  A  simple,  economical,  and  accurate  netnod 
to  measure  humidity  in  air-water  vapor 
mixtures  at  temperatures  above  212  F 
should  be  developed. 


2.  Experimental  verification  of  psychometric 
charts  above  212  T  dry  bulb  temperature 
should  be  undertaken. 


3.  Experimental  values  of  r Ml  as  a  function 
of  temperature  above  212  F,  humidity,  and 
total  pressure  (especially  at  one  atmos¬ 
phere)  need  to  be  obtained. 


APPENDIX 

1.  Heat  capacities  of  components  as  a  func¬ 
tion  of  temperature. 

c  -  0.2317  +  9.01  x  10"  T  *  l.?2  x  10"'  7 
2.7,9  x  10‘1?  T' 

c  =  0.427  +  1.416  x  10'-  T  +  4.318  x 
10’*  T  -  8.171  x  1  O' 1 '  T’ 

where  ca  and  cwv  are  in  Btu/lb  “F  and  T  is  in 
'9  (Hougan  et  al .  1 959) 

cw  --  0.991  +  8.04  x  10"b  T 

where  c#  is  a  linear  fit  of  the  data  from  100 
to  212  -F  and  T  is  in  °F  (Perry  1963). 

II.  Evaluation  of  the  Lewis  Number  (Ni_e)  and 
and  humid  heat  (cm) 

The  Lewis  (  )  numbers  for  the  air-water 

cpDv 

vapor  mixtures  were  evaluated  at  the  average 
condition  of  wet  and  dry  bulb  temperature, 

'wb  +  1 db 
!  a  v  -  2  -  - 

Density  Pj,,,  ( 1  b / f t ' ) 


'•  >-om  the  ideal  gas  law, 

1  +•  W 

m  =  ( T a y  "+  459.6) (0.0252  +"  0.0407  W) 

heat  capacity  or  humid  heat,  cn,  (Btu/lb  T) 

based  on  average  values  of  heat  capacities  of 
air  and  water  vapor  over  Tav  from  150  to  355 

’F 

cn,  -  0.243  +  0.455  V 

Diffusion  coefficient,  Dv  (ft ’/hr) 


iron  a  linear  fit  of  the  data  presented  by 
Evans  and  Vaughan  (1977) 

Dy  -  0.663  +  4.03  x  10"  T,lv 


Thermal  conductivity,  kn,  (Btu/hr  ft  °l  ) 

The  thermal  conductivity  of  the  components 

kwv  -  0.0083  +  2.5  x  10"  Tav  (Weast  1966) 

k,  =  0.0132  +  2.39  x  10"-  Tav  (Bennett  and 

Myers  1962) 

were  used  to  estimate  the  thermal  conductivity 
of  the  moisture  as  described  by  Bird  et  al . 
(1960). 
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‘isture  sor-.-t  ion  hvsteresi.s  in  wood ,  and 
'  ter  ex;i  1  .i  i  ni  ni:  it,  are  discussed. 

•  heiv !  i  >  i  a  I  wiu*n  wood  is  in  use  because  it 
iff  content  i  lower  effective  slope  of  the 
k*  ve  t  '  t’e  in  d  imcn-Mons  (lower  humiditv 
>snc  i  ite.i  with  erivi  ronmonta  1  humiditv  chance* 
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The  tern  h vs t  e  res i s  is  derived  ! ror  the 
* ■  reek  word  hvsteroin,  which  means  "to  la.- 
behind.”  Ihe  terr-  was  first  used  late  in  the 
llit,!  centurv  hv  {-.win#:,  a  Hellish  phvsi.ist, 
to  describe  rhi-  observed  la.-,  in  n\a»;ne  t  i  zat  ion 
of  1  erromactn-t  ic  material  subjected  to 
ehanw’inv  vacate  t  i  e  fields. 
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Hw.roscop  i .  cel  r.i.iier  i  1 1  s  such  as  wood 
also  exhibit  in  anal aoms  phenomenon  to 
magnetic  hvstercsis,  known  as  sorption 
hvs teres i s ,  or  ’-oistun*  sorpt ion  hvsteresis. 
Miis  rater-;  t  -  the  lav  or  reduction  in  the 
sorption  isnther-  ot  equilibrium  moisture 
euteiu  « KMi  '  •  :  wood  a.-.ainst  relative 
‘•.arid  i  tv  (Hi  .  ..spared  with  its  i'M<  when  it 
f«  -orbs  -f  l.-s.  s  roistui'e.  tliqure  n  . 


Sorption  1".  er«-s  i  appears  to  he  a 

•  ii.ir.ic  t  »-r  i  •  t  i  ■  of  hvc rose mm e  c.e  1  mat  er  in  I  s 

it  as  c. »t  fen,  wool,  and  silk,  as  well  as 
a\<  will  c, insider  three  aspects  o  1 

•  e'ption  hvsteresis  in  wnml.  These  are: 

1.  Phenomena  l  m-.  i  .a  1  or  descriptive 

il  i  scuss  ion . 

Mieories  or  mechanism  of  hvs terosi s . 
f.  Implications  tor  tin-  behavior  of 
Wotul  i  n  use  . 

ncn'RKNC.K  OF  HYSTKRKSiS 


I*  i  cure  1.  initial  Jesorpt  i«>n  (IN  PFS), 

ads(*rption  (APS),  and  serondarv  desorption 
(SIX  PFS)  isotherms  for  Pone  las  fir 
(adapted  from  Spalt, 

isotherms  for  Douglas  fir.  The  initial 
desorption  isotherm  was  obtained  bv  exposing, 
two  mm.  thick  sections  ot  croon  wood  to 
success i ve 1 v  lower  humidities  and  measuring 
the  equilibrium  weight  a t  each  humiditv.  All 
measurements  were  made  in  a  vacuum  svstem  at 

<io"  k  02°  n. 


The  FM(’  of  './mill  at  a  piven  relative 
humiditv  H  is  v,onerallv  highest  during  the 
initial  desorption  of  the  croon  wood. 

Fivure  l,  taken  f rom  Spalt  M9S8),  shows 
the  initial  desorption  isotherm  as  well  as 
subsequent  adsorption  and  d<  sorpt  ion 


The  lowest  curve  in  Figure  1  shows  the 
adsorption  isotherm  obtained  after  the  sample 
was  vacuum  dried  and  subsequent lv  exposed  to 
success i ve l v  increasing  humidities  up  to 
essentiallv  1 00  percent  H.  A  second  desorp¬ 
tion  resulted  in  the  intermediate  curve  shown. 


It  lags  below  the  initial  desorpt  i on  curve 
down  to  about  40  ju-rivnt  humiditv.  ^rl.'u  which 
it  essential  lv  .  .'in.  ides  with  it.  'I  hi-, 
indicates  that  rliriv  i  an  initial  i  t  i\  \  k  i  i  b  1 e 
loss  in  hvgroscop  ii  i  t  v  at  humidities  above 
ab<>ut  St)  porvi-nt  at  tor  tin*  initial  .Irvin,*  ot 
k’ri'on  or  water ■- s.siked  wood.  In  this  p.tju-r, 
wo  will  be  re.'errinc  or  i  :n  j  r  i  !  v  to  the  eve  lie 
or  reversible  hysteresis  loop  unless  stated 
o  t  he  rw  i  sc . 


r  t  cure  . 
lesorpt  ion 
iamples,  r:iea- 


:  «-an  »  .  > 1  r ; ’ i  i .  ■  ;}  and 
t  oil  .  s  .  1  *a  f  dw*  *od 

■  {  I  *#  'h  )  at  .’S'  V  . 
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Figure  2.  Mean  adsorption  and  desorption 
isotherms  for  10  I'.S.  hardwoods  at  d ’>* 
measured  by  Okoh,  (1976). 

The  samples  were  1  nm.  thick  a  Kmc  the  grain. 
Each  point  on  the  adsorption  isotherm  w.o 
measured  after  vacuum  drving  the  samples 
overnight.  The  desorpt ion  experiments, 
however,  were  carried  out  in  successive  steps 
following  the  last  adsorpt ion  exposure  to 
94  percent  H. 
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Experimental  evidence  indicates  that  a 
closed  hysteresis  loop  is  obtained  when 
successive  adsorption  and  desorption  cycles 
are  carried  out.  The  magnitude  of  the 
hysteresis  effect  is  sometimes  expressed  as 
the  ratio  of  adsorption  to  desorption  F.MC’s 
(the  A/I)  ratio)  at  a  given  H.  The  A/I)  rat  io 
usually  varies  with  H,  as  is  shown  in  Figure 
3,  taken  from  Okoh  (1976).  Table  1  shows  some 
A/D  ratios  given  bv  Stamm  (1964). 

Spalt  (195H)  calculated  mean  A/D  ratios 
for  eight  hardwoods  and  eight  softwoods  over 
the  entire  hygroscopic  range.  This  was  done 
bv  taking  the  ratio  of  the  total  area  under 
the  hygroscopic  isotherm  for  adsorption  to 
that  for  desorption.  The  mean  A /I)  ratios  for 


the  hardwoods  ranged  iron  ",  so  r  ,i  u.  K 
(mean  =  O.S’79  +  > ).!)178)  while  those  : 
sot  twoc.ls  varied  between  ".7HS  to  ".Sa 
(mean  =  O.Hl.’O  +  O.O.Ml).  The  overall 
was  'i.S.’Oi). 


Higg  ins  (19V)  i  ep.  •  r  t  ed  mean  A  9  value*- 
tor  1 2  woods,  includin.*  live  F.S,  we.  -Is  and 
seven  tropical  wo,  sis,  as  ran.*  i  nc.  tret:*  9.  Km  t  - 
0.H8  with  a  mean  el  ".HA.  tie  u-.e.l  ■  -  iterated 
salt  w'lut  i on-»  with  uT.it  ive  humidities  of 
2 1  ,  4  ( ,  HI,  and  9  \  percent  at  1 '  >  . 


Skaar  tl,J7J)  repet  ts  a  mean  A  T1  ratio, 
at  40  {'  and  76  percent  H.  ot  o .  80  l  *  0.0  1.’ 
for  14  sapwood  samples  and  ot  0.804  +  o.o.'H 
for  A  <  heart  wood  samples,  with  a  pooled  mean 


i » :  ''.Mil.*  +  O.ii.  8,  .ill  tropual  hardwoods  i  r.’m 
tin-  Ou. tv. in. i  rev  ion  o!  VeneXue  1  a .  Thev  wi-rr 
8  mm.  along  thi-  v  r.iin  and  Ji  x  25  mm.  in 
t  imiimVi'I'm-  d  imens  ions  .  The  mean  A/I)  rat  io  o! 
approx  ima  t  e  1  0 . 80  was  pruh.ibl  v  low  Ih'imum- 

tiif  initial  rather  than  cvclic  or  soct»ndarv 
--orpt  ion  valuv  was  measured  (figure  1). 

Another  factor  is  tin-  possible  ovap<jrat  i  <>n  of 
'..1  it  i!t  i  on-*t  i  t  uent  *-  f  for.  the  preen  simples 
*hen  thev  were  o\»-n-driod  at  in  1°  C  prior  to 
t.i  .oral  ion. 

■ 1  k  ■  ■  i :  i  i  •<  i  a  I  ^o  -.i-asisreil  the  adsorption 
ini  do-*.  T;'t  i '  mi  i  v>  lie  isotherms  lor  the  inner 
•mk  >*t  leti  North  American  hardwood*-..  He 
’.•an!  that  the  A  *  ritio  was  cons  idt-rahl  v 
or  tor  tile  Park  (figure  i)  than  for  t  he 
wood  t  ror.  the  s  cur  trees.  1  he  mean  A/D  value 
a  a  •>  o.s8.*  +  o.tu  s  tor  t  he  inner  hark  sample-, 
.era  tied  with  o.HO.S  +  O.ijlb  tor  the  rorrrspom!- 
i  *  i . ;  woods.  Vos  l  ot  the  difference  was  due  to 
the  appreoiahl  -  greater  .lesorpt  ion  isotherm* 
for  wood  compared  witii  nark,  since  the 
idsorpt  ton  isotherm*  were  essentially  identical. 
Okoh  also  measured  tin  sorption  isotherms  tor 
ten  woods  front  hhana  in  the  sane  studv.  The 
-lean  A/D  ratio  for  these  woods  was  0.78b  + 

0.0! 7. 

Several  factors  mav  niter  into  the  vari¬ 
ation  in  sorption  hvsteresis  as  measured  bv 
the  A/D  ratio.  Some  of  these  factors  art* 
incomplete  attainment  of  time  equilibrium, 
immediate  past  history  such  as  the  number  of 
adsorption  steps  and  possible  even  the  time  at 
each  step,  temperature,  phvsica 1 -chomica 1 
differences  in  the  cell  wall,  the  presence  of 
various  extractives,  etc. 

Incomplete  attainment  of  equilibrium, 
either  in  adsorption  or  desorption  would  tend 
to  increase  the  A/D  ratio.  Figure  4,  adapted 
from  Merton  and  Hcirle  <  ;  ‘  *  f » .  *  »  sh->vs  fra1  effect 


TIME  -> 


i'i  i'iire  '*  11  \  :  - 1  he t  i .  a  1  eui  v»  ^  diovinv  f  he 

approach  1 o  adsorption  and  desorption 
equilibrium  with  increasing,  t  imo  (adapt  id 
from  Morton  and  Hearle,  1962), 


e.i  time  on  the  attainment  of  equilibrium  iron 
both  desorption  and  adsorption  assuming  that 
the  process  of  attaining  equilibrium  is  an 
oxp«>nr  ia  1  Junction  of  time.  It  may  require 
weeks  or  even  months  to  attain  true  equilibrium 
this  mav  be  due  t»>  the  fact  that  slow  molecular 
rear  ran. lenient  s  mav  be  occurring  in  the  wood  as 
the  structure  accommodates i t sel f  to  swelling 
f«»ri  es  (Skaar,  P r i vhananda  and  Davidson,  19  70). 

The  effect  of  immediate  past  history,  as 
reflected  in  the  number  of  adsorption  steps  to 
wh i «  h  a  sample  i  .s  exposed,  on  the  magnitude*  of 
the  adsorption  isotherm  (and  therefore  on  the 
A/D  ratio)  was  first  repi^rted  for  wood  by 
Christensen  and  Delsey  (1959).  Table  2,  taken 
from  data  of  Prichananda  (1966)  shows  the 

fable  2.  Desorption  and  Adsorption  KMC’s  and 
A/D  ratios  at  several  relative  humidities  on 
vellow  birch  (Hetula  a  1 leghani ensis ) . 
Adsorption  KMT's  were  obtained  in  single  steps 
or  in  several  steps  (multi step).  From 
Prichananda  (1966). 


Desorption  (fi) 

Adsorption  (A) 
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direct  effect  of  tin's  factor  on  the  A/D  ratio. 
Here  are  shown  the  desorption  PMC’s,  calculated 
at  several  values  of  H,  together  with  the 
single-step  and  multi  step  adsorption  KMC’s  at 
the  same  humidities.  The  data  for  the  single- 
step  adsorption  was  obtained  bv  equilibrating 
a  sample  to  each  humiditv  after  first  drving 
it  in  an  oven  at  UM  +  2  (..  Tin  uata  for  the 
multi  step  adsorption  were  obtained  by  exposing 
each  sample  to  increasinglv  higher  humidities 
after  equilibrating  at  the  previous  humidity 
cond i t ion . 

As  Table  2  indicates,  the  KMC  was  alwavs 
higher  for  the  single-step  than  for  the  multi- 
step  adsorption.  Therefore,  the  A/D  ratio 
where,  D  is  the  desorpt ion  value  obtained  only 
bv  multistep  desorption,  was  alwavs  higher  for 
the  one-step  (mean  -  0.848)  than  for  the  multi- 
step  adsorption  (mean  =  0.807). 

Sorption  hvsteresis  in  wood  decreases  with 
in*  reasing  temperature  according  to  Weichert 


(  196  3),  and  disappears  at  temperatures  between 
7  5  and  100°  ('  for  European  spruce.  I>ata  ot 
Kelsev  (1957)  show  agreement  with  this  tendemv 
in  that  hysteresis  in  Araucaria  klinkii  ot 
Australia  decreased  in  magnitude  in  going  from 
25  to  55°  C. 

The  complete  adsorption  and  desorption 
isotherms,  that  is  those  obtained  iron  complete 
drvness  and  near  saturation,  resp* ,  t i ve 1 v ,  give 
the  greatest  A/D  ratio.  Crquh.irt  (I960)  give- 
a  thorough  treatment  of  sorption  hysteresis 
in  textile  materials,  and  points  out  that  .  .v  !  i , 
i therms  carried  over  smaller  humiditv  rany.es 
tend  to  fall  between  the  complete  i.^'tlu-nis. 

In  other  words,  quoting  from  Irquhart  (I960), 
"the  two  (adsorption  and  desorption)  curves  do 
not  tern  an  equilibrium  locus  but  define  an 
equilibrium  area."  Stamm  (19h4)  general  lv 
concurs  with  this  ->ame  viewpoint.  Figure  5 


Figure  5.  illustration  of  intermediate 

hysteresis  loop  (adapted  from  Irquhart , 1 960) . 

illustrates  an  Intermediate  hvsteresis  loop 
of  the  type  given  hv  I’rquhart  (’I960). 

Differences  i r.  the  phvsi cal -chemical 
constitution  of  the  wood,  including  extr¬ 
actives,  probable  account  for  the  variation 
in  the  A/D  ratio  among  different  woods.  For 
example,  the  data  as  reported  above*  for  Spa  It 
(1958),  Okoh  (1976),  etc.,  pr»»hahlv  reflect 
these  differences.  According  to  Stamm  (196«), 
the  mean  A/D  ratio  is  higher  for  wood  pulp  and 
ho l oce 1 1 u lose  (0.86)  than  for  gross  wood  (0.H2). 
The  ratio  for  lignin  is  lower,  averaging  about 
0.78  (Table  1).  Regenerated  cellulose  also 
gives  lower  values,  0.78  and  0.77  for  viscose 
and  ruprammonium  ravon,  respectively. 

Hysteresis  has  also  been  demonstrated  in 
the  heat  of  wetting  wood.  Argue  and  Maass 


higher  tor  cotton  wh  i  i  h  attained  a  given  FMi 
bv  desorption  than  bv  u-Korpl  ion.  Mure  rivent  1  v 
Fajita  (197b)  found  a  similiar  relationship  :-r 
the  wood  of  Hincki  i  vpres  .  i  (  hamate vj..i  r  i  s 
*  *  h  1 1 1  s  a  )  .  Figure  n  shows  the  turves,  .  a  1 1  u  1  a  t  ed 
!'v  Fajita,  of  the  boat-.  >  >  t  wotting  in  ad  s«  r  p  t  i  <  ■  n 
and  in  desorption  tor  h«*rh  cotton  and  Hinoki 
-  \  [>r» • .  The  o:rvi"  ir>  ba'-e-i  >n  oquaf  ion--,  -t 


Figure  b.  Heat  ot  wotting  *  .  urv.  s  (log.  stale) 
for  Hinoki  evpress  and  for  cotton  against 
initial  moisture  content  M  lor  both  udsorp- 
tion  and  desorption  equ  i  1  i  brat  ion  (iron 
Fajita,  1976). 

the  form,  log  U’  =  A  -  8m,  whore  W  is  the  heat 
of  wetting,  (ea  lories/g  drv  wood),  A  and  B  are 
constants,  and  m  is  the  initial  wood  moisture 
content  (g/g) . 

The  heat  of  wetting,  hysteresis  results 
described  above  can  be  accounted  for  by  the 
greater  number  of  available  sorption  sites 
(or  surface  area  as  viewed  bv  Argue  and  Maass) 
in  the  wood  during  desorption.  This  is  because 
the  b  at  of  wetting  is  generated  primarilv  hv 
the  strong  interaction  of  water  with  the  avail¬ 
able  primary  sorption  sites.  There  arc  more  of 
these  unoccupied  at  a  given  moisture  eontanf 
during  desorption,  based  on  either  the  Hailwood 
Horrobin  (1946)  or  the  Dent  (1977)  model.  This 
is  because  the  total  number  of  available 
sorption  sites,  indicated  bv  the  magnitude  ot 
m  ,  is  appreciable  higher  for  desorption. 
However,  the  number  of  sites  actu.il  lv  occupied, 
proper t i ona 1  to  m  is  not  great lv  diflerent 
tor  adsorption  and  desorption,  particularly  at 
lower  moisture  contents.  Therefore,  the  differ 

ence  (m  -  m.)  at  anv  given  total  moisture 

o.l 

content  m  is  greater  tor  desorption  than  tor 
adsorpt  ion.  Consequent  1  v  ,  the  heat  .generated 
during  wett  ing  is  greater  for  desorpt  i on  sin-  r 
this  should  be  primarilv  a  function  ot 

(m  -  m  ) . 
o  1 


(1935)  reported  that  the  heat  of  wetting  was 


I'HFUKIFS  i)F  SORPTION  HYKTFK1  S  I S 
Cap  i  1  1  ,i  rv  t  hi  i'r  i  cs 

Several  thia*rit'S  have  been  proposed  t  nr 
explaining  sorption  hysteresis.  Tha  earlier 
theories  were  based  on  Che  assumption  that 
sn i sturr  sorption  was  primarily  by  capillary 
to  roes  within  tin-  tins  intcrst  ires  in  tin-  wood 
evil  wait.  one  o!  these  theories,  attributed 
i,v  Kollnan  ami  Cota  (I'ihS)  to  Zsigmondy  (l4!l>, 
postulated  that  hvstarasis  wa-,  caused  primarily 
Fv  tha  lower  contact  angle  at  water  within 
these  aall  wall  aapi liar ies  during  adsorption 
than  during  desorption. 

Chen  and  Wangaard  (1468)  gave  evidence 
which  appears  to  support  the  theorv  of 
Z  si  gnomic.  fslm;  the  inclined  plate  method 
thov  measured  the  water  wettability  hysteresis 
of  28  tropical  woods.  This  was  defined  as  the 
ratio  of  die  cosines  ot  the  advancing  and 
receding  contact  angles  during  the  wet  tint!  of 
wood  samples  with  water.  For  IT  of  the  woods 
for  which  they  had  complete  adsorption  and 
desorption  data,  they  calculated  the  curves  of 
dissolved  (which  they  called  polymolecular) 
water  as  a  function  of  relative  humidity  H, 
using  the  Hai Iwood-llnrrobin  equations.  They 
then  took  the  value  of  dissolved  water  at 
equilibrium  with  11  =  90?  for  adsorption  and 
calculated  the  desorption  equilibrium  humidity 
H,  for  the  same  amount  of  dissolved  water 
(Figure  7).  The  ratio  ln(  100/907ln(  100/11^) 
was  designated  as  the  relative  humiditv 
hysteresis . 


Figure  7.  Diagram  illustrating  the  method  for 
calculating  the  relative  humidity  hysteresis 
(adapted  from  Chen  and  Wengaard,  1968). 


A  njot  of  the  relative  humiditv  hysteresis 
against  wett ability  hysteresis  t Figure  6)  showed 
a  positive  correlation.  Chen  and  Wangaard 
interpreted  this  to  support  the  contact  angle 
theorv  of  Zsigmondy  for  explaining  sorption 
hvstercsis,  based  on  the  Kelvin  equation,  at 
least  at  high  humidities.  Their  reasoning  was 
based  on  the  relationship  given  by  the  Kelvin 
equation  between  relative  vapor  pressure, 
capillary  radius  and  cent  (  ’.  angle.  Ihev  also 
cited  other  analyses  ot  their  data  which  tended 
to  support  the  capillary  contact  angle  theorv 
of  sorption  hysteresis. 


Figure  8.  Plot  of  relative  humidity  hysteresis 
(H-hysteresis)  and  wettability  hysteresis 
(U-hysteresis) (adapted  from  Chen  and 
Wangaard,  1968). 

The  capillary  contact  angle  theory  may  be 
useful  in  explaining  sorption  hysteresis  at 
high  humidities  but  not  at  low  humidities,  as 
Barkas  (1949)  points  out.  Capillaries  of  the 
Fvpe  considered  by  the  Kelvin  equation  cannot 
occur  at  low  humidities,  since  calculated 
capillary  radii  approach  the  order  of  magnitude 
of  molecular  dimensions.  In  this  case,  class¬ 
ical  surface  film  properties  such  as  surface 
tension  no  longer  apply. 

McBain, according  to  Barkas  (1945),  proposed 
the  "ink  bottle"  theory,  also  based  on  the 
concept  of  capillary  condensation  within  the 
cell  walls.  According  to  this  theory,  capil¬ 
laries  are  not  of  even  taper,  but  contain 
constrictions.  During  adsorption  the  capil¬ 
laries  will  gradually  fill  from  the  smaller 
to  the  largeT  spaces.  However,  during  desorp¬ 
tion  some  of  the  water  in  the  larger  spaces 
between  the  narrower  "bottlenecks  will  tend 
to  he  trapped  at  lower  vapor  pressures,  in 
equilibrium  with  these  lower  vapor  pressures. 
This  would  tend  to  he  a  state  of  unstable 
equilibrium  because  of  the  high  tension  in  the 
water.  Both  the  Zsigmondy  and  McBain  theories 
m;iv  explain  some  of  the  hysteresis  at  high 
humidities  hut  certainly  not  at  lower  values. 


Sorption  si  to  availability  thoorv 

The  mechanism  ot  sorption  hvstorosis  most 
general  l  v  held  (L'rquhart,  1969;  Stamm,  1964) 
we  will  designate  as  the  sorption  site  avail¬ 
ability  thoorv.  It  is  based  on  the  reduction 
in  the  availability  of  hvdroxvl  sorpt  i>'n  .  ites 
on  wood  which  is  absorbing  moisture  a;  ter 
having  been  dried.  These  hvdroxv!  groups  are 
believed  to  be  the  primary,  though  not 
necessarily  the  only,  sorption  sites  tor  the 
attachment  of  water  m«*lecules  in  tin*  accossihle 
regions  ot  the  cell  wall. 

In  tureen  or  water  swollen  wood,  ac.ordinc 
to  this  conv'ept  tStatnm,  1  964 )  .  the  hvdroxvl 
groups  are  attached  to  water  molecules.  When 
the  wood  dries  some  ot  the  hvdroxvl  groups  art 
freed  from  the  attached  water  molecules  and 
mutually  bond  with  each  other  as  they  draw 
closer  due  to  shrinkage.  When  water  is 
regained  or  adsorbed,  some  ot  the  hvdroxvl 
groups  are  no  longer  easily  available  tv*  bond 
with  water  molecules.  This  results  in  less 
adsorption  of  water  at  a  given  humidity  com¬ 
pared  witfi  the  initial  desorption. 

As  humidity  increases  still  further,  and 
additional  water  is  taken  up,  the  swelling 
pressures  tend  to  break  some  of  the  hydroxy  1- 
hvdroxyl  bonds,  freeing  some  but  not  all  of 
the  originally  water-bonded  hydroxyl  groups 
or  sorption  sites.  These  are  then  available 
to  be  rehvdrated  or  to  adsorb  water  molecules. 
During  subsequent  or  secondary  desorption  the 
KMC  is  therefore  higher  than  for  adsorption. 
However,  it  is  generally  lower  than  during 
initial  desorption  from  the  green  condition, 
particularity  at  higher  humidities,  presumably 
because  some  of  the  bonds  which  formed  between 
hydroxyl  groups  during  initial  desorption  are 
not  broken.  The  process  repeats  itself  during 
subsequent  cycling  of  the  relative  humidity, 
forming  a  more  or  less  repetitive  hysteresis 
loop  (Figure  1). 

There  is  evidence  to  support  the  access¬ 
ible  sorption  site  theory  for  hvsteresis,  in 
that  the  value  for  the  maximum  amount  of  water 
m  held  in  hydrated  form  (Hailwood  and 
Horrobin  (1946)  solution  model)  or  in  the 
monolayer  (Dent  (1977)  modified  BKT  model), 
is  considerably  less  for  adsorption  than  for 
desorption.  For  example,  data  given  in 
Table  1  of  Spa  It  (1958)  on  16  different  woods 
to  which  he  applied  the  Ha i lwood-Horrobin 
model  shows  that  the  mean  ratio  of  the  maximum 
water  of  hydration  m  (g/g)  in  adsorption 
compared  to  desorption  is  0.726  +  0.071. 

In  other  words,  on  the  average,  only  72.6 
percent  as  many  sorption  sites  are  hydrated 
during  adsorption  as  during  desorption.  The 
maximum  water  of  hydration  m  (g/g)  was 


a  1  <  nl.it ed  bv  dividing  the  rletulur  weicst  ■: 
water  (IK  g/ronjc)  h\  the  vi-Jecular  weight  ot 
w.md  jH-r  moli*  of  hydration  isorpti'n)  site*-. 

The  more  recent  orption  theory  ol  Dent  f  1  s*  7  7  ) 
which  is  a  noditication  of  the  BF!  theory  Melds 
the  sane  value  for  n(,  .is  does  the  Hailwood- 
Horrohin  model.  However,  in  the  Dent  model, 
is  int  t-rpretod  to  be  the  moisture  <<»ntent 
corresponding  te  complete  m«»n*’laver  <  overage 
of  .ill  the  sorption  sites,  rather  than  complete 
hvd rat  ion . 

Chen  and  Wangaard  (1968)  also  ealculated 
the  ratio  of  tlu*  average  water  <*f  h\Jralion  in 
adsorpt ion  to  that  in  desorption  over  the 
humidity  range  from  6U  to  90  ,  using  the 
Ha  i  lwood-Horrobin  model,  for  1 ’3  wood  spe»  ies 
for  which  thev  had  data.  They  then  plotted 
this  ratio  against  the  wettability  hysteresis 
ratio,  ami  ealculated  the  linear  regression 
curve.  There  was  a  significant  relationship, 
but  it  was  negative,  indicating  t he  unexpected 
result  th.it  wettability  appears  to  be  inveiselv 
related  to  tlie  extent  of  hydration  of  the  wood. 
The  authors  gave  no  explanation  for  this 
apparent  unomalv  except  to  point  out  that  the 
hysteresis  in  water  of  hvdration  or  mono- 
molecular  water  was  only  a  small  portion  of 
the  total  hysteresis.  Nevertheless,  one 
would  expect  that  even  small  increases  in 
accessible  internal  surface  area  would  open 
up  mfcroeapf Marios  for  sorption  of  additional 
water  in  succeeding  1  avers  in  approximate 
proportion  to  the  increased  access  ib i 1 i t> . 

Thernuulvnamic  hvsteresis  thoorv 

The  explanations  for  hysteresis  given 
above  are  mechanistic,  that  is,  they  postulate 
one  or  more  specific  mechanisms.  bar  Mi 
(1949,  1945)  has  proposed  a  mere  :eneral  ('a  .>rv 
based  on  t hermodynami c  considerat ions  onlv. 

It  does  not  propose  a  specific  mechanism  lor 
hvsterosis  and  therefore  ri.iv  be  *  ompat  ihh  with 
those  mentioned  previously. 

Barkas  points  out  that  wood  and  other 
hygroscopic  gels  exhibit  plastic  or  inelastic 
behavior  when  subjected  to  mechanical  stresses. 
This  behavior  results  in  the  familiar 
hysteresis  loop  in  tlu*  stress-strain  diagram 
o f  wood  and  other  i ncomp 1 ot e 1 v  elastic 
mate rials. 

Barkas'  explanation  of  sorption  hvstnvsis 
is  based  on  an  extons  inn  of  bis  theory  i.o 
explaining  the  effort  of  stress  on  the  solution 
isotherms  of  hygroscopic  gels  sw»  !i  as  wood,, 
wliich  he  used  as  a  model  nnti  rial.  Figure  ■ 
shows  a  hvpothetit.il  pressure- yc  I  u:tn*  diugium 
for  wood  for  the  reversible  elastic  tuse,  as 
proposed  bv  Barkas. 


nr.  Diagr  in  shoving  un idi reel iona 1  stress 

f'v  against  d  i  s:*  I  .Kfir.ent  x  for  vi>ud  during 
moisture  change  for  the  elastic,  perfect  lv 
reversible  ease  (adapted  t  rom  Barkas,  1*149). 


Iii  order  te  illustrate  the  principles 
involved,  Barkas  used  tin*  example  ol  a  wood 
^pee  i"ien  partial  lv  restrained  from  swelling 
in  ene  d  irnens  i  on  bv  a  linear  elastic  spring 
shown  in  Figure  Id.  In  this  ease,  the  pressure 
is  a  unidirectional  stress  Px  in  the  x 
direction  and  the  change  in  volume  is 
rep  resen  ted  pr  i  ;::a  r  i  1  v  bv  the  change  in  the 
x-d irnens ion .  Per  simplicity  of  concept  the 
st  reuses  and  d  irnens iona  1  ehanc.es  in  other 
d  i  rev- 1  ions  are  not  vonsidered. 


Figure  10.  Schematic  diagram  showing  wood 
sample  swelling  and  shrinking  against  a 
linear  spring. 


Following  B. irkas,  we  will  consider  two 
eases.  In  the  first  case  the  wood  is  assumed 
to  be  perfect  l  v  elastic  with  no  ■■lasfic  flow 
when  a  -  tress  is  applied,  I  1  1  uM  r  at «.  d  by 
Figure  l*.  In  the  second  case  the  wood  will 
exhibit  rheological  properties,  as  it  in  fact 
does,  resulting  in  some  irreversible  plastic 


3  if  — 


Figure  11.  Diagram  showing  unidirectional 
stress  ?x  against  displacement  x  for  wood 
during  moisture  sorption  for  the  inelastic 
case  (adapted  from  Barkas,  1949). 


In  the  first,  reversible  case,  shown  in 
Figure  9,  the  wood  is  perfectly  elastic.  It 
is  initially  at  a  moisture  content  M0,  at 
equilibrium  with  a  relative  humidity  H0  under 
t ho  initial  stress  P0  exerted  by  the  elastic 
spring.  If  the  humidity  increases  from  H  to 
Hj,  the  wood  will  adsorb  moisture  and  swell 
against  the  spring  until  some  new  equilibrium 
point  is  reached  at  stress  P|  and  moisture 
content  Mj .  Thus,  it  will  move  from  point 
0  to  point  B  on  the  diagram.  The  actual 
magnitude  of  Mj  is  inversely  related  to  the 
increase  in  stress  r' j  -  P0,  if  the  humidity 
H  is  now  decreased  back  to  the  initial  value 
H0,  M[  will  decrease  to  M0  and  Pi  to  P0,  thus 
returning  exactly  to  the  starting  point  0. 

ft  should  be  noted  that  the  actual  location 
of  point  B,  and  therefore  the  values  of  Pj 
and  Mj ,  depend  on  the  stiffness  of  the  restrain¬ 
ing  spring  shown  in  Figure  10.  It  this  spring 
becomes  more  stiff,  the  equilibrium  point  B 
moves  toward  the  point  F  with  a  greater 
compressive  stress  P\  and  reduced  moisture 
content  Mj .  The  converse  is  true  if  the  spring 
is  weaker  or  less  stiff.  However,  for  the 
reversible,  perfectly  elastic  case  the 
equilibrium  point  returns  t o  0  when  H  is 
reduced  to  H  ,  regardless  of  the  location  of 
B  along  the  line  Hi. 
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value  U  will  bo  lower  than  P)  and  that  ot  Mj, 

w i l l  bo  higher  than  the  original  value  M0. 

The  area  with  in  the  loop  top  re  seats  the 

difference  in  the  work  done  bv  the  wood  on  the 

-ink;  during  adsorption  and  the  work  recovered 

bv  the  wood  during  dosorpt ion.  There  is 

therefore  a  net  energy  loss  in  the  evole.  As 

Barkas  points  out  the  humiditv  must  be  lowered 

below  H  for  the  wood  to  attain  its  original 
o 

moisture  eon tent  M  ,  si  nee  it  is  now  in 
tension. 

Barkas,  (U49)  has  used  the  example  ot 
the  wood  sub  looted  to  swelling  against  an 
external  spring  (Figure  10)  to  illustrate  a 
principle.  Actual l v  there  are  restraining 
forces  within  the  cell  wall  itself  which  act 
similarly  to  the  external  spring  in  resisting 
swelling.  It  is  difficult  or  impossible  to 
reproduce  the  pressure-volume  diagram  of 
Figure  11  for  the  cell  wall.  However,  Barkas 
suggests  using  the  correspond ing  pressure- 
volume  diagram  for  the  water  vapor  itself  to 
calculate  the  loss  in  enorgv  or  work  during 
a  sorption  cycle.  This  is  possible  in  an 
isothermal  system  if  it  is  assumed  that  the 
same  amount  of  enorgv  is  required  to  evaporate 
water  at  a  given  moisture  content  during 
desorption  as  is  recovered  during  rondensat ion 
at  the  same  moisture  content. 

The  vapor  pressuro-vo 1 umo  diagram 
corresponding  to  the  wood  pressure-volume 
diagram  of  Figure  11  is  shown  in  Figure  l . 

It  can  be  calculated  from  the  adsorption 
and  desorption  isotherms  at  anv  given  temp¬ 
erature.  The  area  between  the  adsorption  and 
desorpt  ion  curves  in  Figure  Id  give*;  the  work- 
loss  during  sorption  hysteresis.  It  can  be 
calculated  easily  and  slum  Id  correspond  to 
the  area  between  the  curves  in  Figure  11. 


v 


:  i  cure  Id.  hi.  i  cram  •.bovine  bv-.  t  ••  res  i  s  in  tic- 
relative  vapor  pressure  I:  .<  rui-.  vapor 
volum*  phase  (a, Tinted  :i  ■  Barka*-,  i  •' o<  ■  . 

Barkas  f  1  '-‘•'ei  )  has  iMbul.iie.l  i  :..if  t  ■  i  i  -  are: 
represents  approximate  1  v  1  :vr.  out  oi  t  he 
total  work  ot  desoiptien  t  %  •  r  snruce  wood.  1: 
we  assume  that  this  area  is  pr.-port  i  ona  1  to  the 
mean  difference  between  the  adsorption  and 
desorption  isotherms,  the  A  I >  ratio  can  be 
approximated  as  1  -  a.!.'  =  '.SI.  ibis 

approx ViVitU es  the  A  b  ratio--  iven  in  Yah';* 
and  elsewhere. 

IMPUTATIONS  OF  SOKIM'iON  HY-. V  Ki'S  :  S 

Moisture  sorption  bxstei'esis  h.i  ■  in, 
important  eft  eel  in  redu.  ing  the  noistuti 
and  d  {mens  ii'tia  1  changes  in  wood  when  it  i  - 
exposed  in  use  t  o  evelic  htimidilv  chances. 

For  example,  wood  used  indoors  in  temperate 
climates  tv.av  be  exposed  to  wide  animal  !*.  un¬ 
til. it  ions  in  average  !nr”  i  d  i  t  v  .  I‘”e  !  VV  !hic- 
tuations  lipwpver,  and  t  ;u  consequent  d  i  ••  m  -  i  on.  i ! 
changes,  are  sign  i !  i  cant  1  \  less  t  h .  i  n  won  !  d  be 
anticipated  based  on  the  mean  sorption  isotiter-. 
Before  ar.pl  itving  tb.is  statement,  we  define 
certain  important  d  irons  i  ona  I  stability 
parameters  or  cool  f  i  c  ient  s  ,  following  the  not  i- 
t  ion  and  treatment  oi  Thom*  ham  i  1  °  '  ■» )  . 

I  tie  1  i  t  s  t  i  mpor  t  int  .  .u  !  ’  i .  i .  :il  i  ••  t  he 

"mo  i  s  t  ure  expansien  coe !  !  i  *  i »  •: ;  "  \  ,  d«  *  i  n»  d  i  ■  . 

X  -  (  1  x  ^  (  x  oi  X  ~  •.'-  •••■  where  •-  i-  t 

lrad  ;  >m  iI  *  banco  tdx  v  >  in  d  i men--  i  on  % 

V  radi  1 1  ,  t  ancenti  .i  1  ♦  e)  .  .  ’I  based  «  o.  the  i  :i  i  t  i  i  : 
d  irons  ion  x  %,  and  -  i  -  t  tie  •  i  i.  :  i  eii.i  1  -o  i  -.  t 
content  (r  water  -•  div  wood'.  its  <  -pt  it  re¬ 
applies  tor  either  --we!  line  or  -Min’-.is  tn.au  . 
ctianv.es  in  s  and  m  are  in  {tie  same  dire,  t  in. 

Bv  .urn  bun  witti  the  *  oe !  l  i .  ient  oi  ther-a! 
expansion  delined  similatlv  v»  will  uu  t‘«  l  er¬ 
ne  ist  ure  expansion  .-oe;  t  i.  i  ent  ,  i  1  t  bou.*.'  ■  it  i- 


.'i-r  m.  r<* 


of  ten  used  lor  wood  to  siir  inku.cc 

bosh'd  on  erven  el  imens  ions  . 

Hit*  moisture  expansion  c.vi  I  it  n  ni  X, 
based  on  initial  croon  d intensions,  is  linear 
ovor  most  ot  the  hvcreisceipic  ranee  of  moisture 
v-’iitriu-;  (Kevlwertit,  19P4)  tor  transverse 
d  i  molts  iona  1  chances  . 

The  Wood  Handbook  (1^7-*)  lists  "dimen- 
.-.iona!  chance  coe f f ic i ent s"  invr  tho  moisture 
ran ce  !’ ri ■:::  to  14  jvivt-nt  lor  a  number  of 

i.S.  as  wo  I  1  as  imported  woods.  1'hov  are 
based  on  the  dlttonsii'n  x  at  the  moan  moisture 
•  ontont  s't  I-'  poroont  anil,  sinoo  moisture 
>.  nances  aro  expressed  in  in-r^ont  c*f  dry  woiv.hf. 
t  aro  approximate  1 v  equal  to  X/100.  Tho 

moan  valuo  of  dx  between  h  and  14  poroont 
Y..b.  w  is  calculated  t  rott.  data  based  on  initial 
shrink. tyo  iron  tho  civon  oondition. 

Another  important  eeef i io iont ,  defined 
bv  bhomcharn  (1970  is  designated  as  the 
"humiditv  expansion  coefficient,"  Y.  It  is 
dot  i no d  as  Y  =  (l/x0)(  •x/,!t)  or,  Y  =  ’s/  *h 
vhoro  h  is  the  relative  vapor  pressure 
lh  =  H/100).  The  eootfioients  X  and  Y  are 
therefore  related  as  follows: 

Y  =  X (  *m/  dt)  =  X(’M/.dl)  =  XZ  where 
7.  =  ’n/  *h  -  *>!/  *H ,  the  effective  rate  of 
r han.no  of  moisture  oontent  M  (or  m)  with 
respect  to  relative  humiditv  H  (or  h) . 

If  the  sorption  isotherm  was  perfectly 
reversible,  that  is,  if  sorption  hysteresis 
did  not  oerur,  the  value  of  7  would  be  the 
s  1  ope  of  the  sorption  isotherm.  This  varies 
with  both  moisture  oontent  and  humidity  as 
hi  cure  5  indie  at  os,  Tlio  moan  value  Z  over 
anv  ranee  of  moisture  eontent  or  humiditv  is 
then  c  iven  hv 


moisture  chances  in  the  vumi. 
in!  erm.it  ion  is  available  in  the  literature  "U 
the  moisture  expansion  .-oef!  io  i  ent  X,  or  some 
variation  of  it,  than  of  Y.  ibis  has  boon 
partly  because  of  tradition  and  custom.  The 
relationship  between  their,  i-  not  as  straicht- 
forward  as  it  appears,  sim  o  tho  term  7.  is  a 
function  not  only  of  species,  temperature,  ami 
moisture  content,  but  also  of  sample  historv, 
particularly  as  related  to  hysteresis." 

Won.ce  rt  (1975,  1977)  has  pointed  out  that 
sorption  hvsteresis  can  have  an  appreciable 
effect  in  studies  of  moisture  migration  in 
wood,  particularlv  in  relating  moisture  gra¬ 
dients  to  flow  rates  of  moisture.  He  shows 
(Figure  1  1)  three  hypothetical  steady-state 
nn'isturo  gradients  which  micht  exist  in  a  wood 
sample  with  two  fixed  humidities,  say  H,  and 
on  opposite  sides  of  the  sample,  all  at  the 
same  temperature.  Case  A  would  applv  if  tt.e 
entire  sample  cane  to  equilibrium  by  adsorbing 
moisture  f  rom  a  lower  equilibrium  humidit'-. 
base  B  applies  if  the  sample  was  pnviously 
wetter  than  the  exist  inc.  condition.  base  t 
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between  anv  two  limits  of  moisture  content 
,tn<l  m  T ,  or  between  the  correspond  i  n>: 
limits  oT  relative  vapor  pressure  h  ^  and  h,. 

buotinc  from  bhomcharn  (1975),  "In 
practice  the  humiditv  expansion  eo«»lficient 
Y  is  a  more  important  property  of  wood  than 
tin*  moisture  expansion  coefficient  X  since 
one*  is  usua  I  1  v  more  interested  In  the  dimen¬ 
sional  chances  asset  iateii  with  humidify 
*  ha nc.es  in  the  atmosphere  rather  than  with 


Figure  M.  I!  vpot  hot  i .  a  1  moisture  (V)  distrihu- 
tion  curves  for  a  wood  sample  exposed  to  tv 
constant  but  different  humidities  at  each 
face,  with  different  sorption  histories 
(after  Wen cot  t  ,  1 °  7  S ) . 

is  for  the  condition  when  the  left  side-  has 
desorbed  and  the  riebt  side'  has  adsorbed 
moisture  to  attain  i  «;u  i  1  i  h  r  iur. .  !t  is  evid*.  nt 
that  the  rel  at  ionsh  i  ps  between  vapor  ores'- ii»v 
and  moisture  gradients  ate  ditterent  let  the 
three  cases.  Therefore,  the  t  elat  ionshi  ps 
between  transport  coot  fie  ientr-  based  on  ■’vi'-tur 
content  and  vapor  pressure  cradi«nts  will 
also  be  different  for  t 'no  thiee  vises, 

.  peeiallv  for  .  .iu-  b  compared  with  cases 
\  and  B. 
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r  le.uta-  i  hows.  a  pvt  .•!  rear:  va’.n.e 
ro  isture  i\’iiLi‘iU  M  apain^l  ii  l.i!  i\v  hur: i d  i  t  v 
H,  for  a  mci'fi  >  • !  .".i'Ii-s  far  -  i ''  • -V.  ■»  ’« i  ,ti  t  hi 
^ .  >>  [lour  k'Vi'  1  ini’  pe  r  iod  ,  a.  .  r  i  i  no  t.*  Ch- h a m 
vlv4'3).  Also  shown  are  portions  >f  the  .*»tati. 
ads  r;-t  ion  and  A-s.  t  j’t  i>'n  i  set:. err-  : .  r  h.e  ■»- 
wvod  taken  ■  ror.  Spalt  (  1 T  )  .  lie  trr>’\- 
t  in*  ourws  show  t  s it  »i  i  rv>- 1  i  •  •’!  s.’r.st  i  * ■:* . 

Ike  owli.  dvnuni./  serptivn  •  -irv»  hooius  wit-. 
JfM’t'j't  iv'n  -it  trio  i:;'XT  ri.  i.t  port  i . ' ; tk . 
vii  i/.rir:  t M  near  1»  md  ii  near  vi  i.  Durin/ 
the  rirst  low  ovale-.  the  set  ;*t  ion  1  - -v-:* 
t  ’wards  .i  lever  :iiMr;  I'.'Ntniv  .oitoit, 
vradua !  1  \  -;i^  •:  i  !.«_*  :t  re;  ro.luo  i  hi  e  loop. 

Fk  i  -  firm!  e>p;  i  1  i  h  r  :  ur  1. has  l.-no  i\ i  • 

vhi,  h  ha-  i  lover  *•  i  one  /.*  (=  -M  -Hi*  than 
either  the  ad  sori-t  i.-:i  -r  desorpt  i-m  i  s.-t  . 

tw.  •:  Id  in  this  v  .im-  .  ki*  is  tiu-  .o  ?  trial 

:  he  voo.i  *s.r*;'Io  i  >  rev  in.:  k  an.:  f  r:  k 

'•a-rween  the  j.isorp:  i.’-n  a:-.!  desor:  t  iv’r:  n:rvis 
'  h  i  .••ire  If'*  .  :  he  see end  is  that  t  ho  di fusion 

v * i -t  i n c  ■  and  mt  of  the  spi.virvn 
.  T'ovonts  It- to  oaer’en  r  to!  lowing 

trio  iian^os  in  KMt  at  the  sir!  a. a-.  homier 

in.:,  tiro*,  r..  In.-.*  tho  diffusion  Ian,  until 
it  :.i r  f'  i e  i o:u  \*  ; ,  n v.  1  in*:  ti~vs,  oorpared 
vi :  k  sarnie  ii irons  ions ,  approu.-hos  i 
:m>:  i ::  ir.  value  dotorrinoJ  hv  tho  r.i.:nitud«.  of 
tho  effective  hv^torosis  loop. 
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SORI' T111N_  I'HBJKl l-:s  I'UK  WOOD-1- 1 

By  William  Simpson,  Forest  Produols  Tn'iinu  legist 
Fi'ivst  Produeis  I.aberat orv ,  Forest  St-rvice 
I'.S.  Department  ot  Agrieulture 
Madison,  .vis. 


ABS  I'  RAC  i 

M’ ivsonis  a  genera!  diseussion  sorption  theories. 
Several  well-known  theories  are  disi  ussed  in  detail  and 
tested  with  experimental  data.  _ 


INTRODUCTION 

Dozens  of  theories  have  been  derived  tor 
sorption  ot  gases  on  solids,  many  of  which  <  an 
be  applied  to  the  sorption  of  water  vapor  by 
wood.  Mi v  has  such  effort  been  expended,  and 
what  success  has  been  achieved.'  Wit  at  «.m 
sorption  theories  toll  us,  and  is  what  thev 
tell  realist!:.'  Can  thev  toil  us  anything 
useful  about  Lite  wood-water  system:'  Hi  is  paper 
attempts  to  answer  some  of  these  questions. 

The  paper  reviews  the  nature  ot  serpt ion 
and  how  water  is  held  in  wood,  sorption  iso¬ 
therms,  and  thermodynamics  of  sorption,  and 
how  it  all  relates  to  sorption  theory.  A 
description  of  some  of  the  theories  is  presented, 
and  finally  some  tests  of  the  theories  devel¬ 
oped.  This  should  lead  us  to  the  point  where 
we  can  answer  some  questions  on  the  usefulness 
of  sorption  theories. 

Our  present  theoretical,  understanding  does 
not  allow  us  to  estimate  the  variations  of 
equilibrium  moisture  content  with  relative 
humidity  and  temperature  from  first  principles. 

At  this  point  mathematical  models,  or  sorption 
theories,  have  been  developed.  From  the  most 
optimistic  standpoint  they  describe  the  mecha¬ 
nism  of  how  water  is  held  in  wood.  From  the 
most  pessimistic  standpoint  they  merely  provide 
an  equation  that,  through  curve  fitting  of 
data,  furnishes  a  means  of  correlating  and 
interpolating  data.  Probably  the  truth  lies 
somewhere  between,  and  the  theories  really  do 
give  us  a  glimpse  of  the  mechanism  of  sorption. 


—Presented  at  Symposium  on  Wood  Moisture 
Content-Temperature  and  Humidify  Relationships 
held  at  Virginia  Polytechnic  Institute, 
Blacksburg,  Oct.  29,  1979. 


Ci'.NKRAl.  NATURE  OF  SORPTION 

ilearle  and  Peters  ( I960)  and  Skuur  (1972) 
have  reviewed  sorption  from  the  molecular 
standpoint  so  it  will  not  be  presented  in-re. 
Water  is  believed  to  be  hvd rogen -bonded  to  tin. 
hvdroxv 1  groups  of  the  celiulosic  and  hen! cel¬ 
lules  ic  portions  of  wood.  Not  all  hvdroxv: 
groups  are  atecssible  to  water  molecules 
because  cellulose  molecules  form  crystal  line 
regions  where  the  hvdroxv 1  groups  of  adiacent 
molecule-  hold  the  molecules  in  a  parallel 
an  mger.vnt  . 


So rpt  i  e:i  sot  1  terms 

Five  general  types  of  sorption  i  -,o  therms 
have  bet  n  identified  for  virions  gas-so'iJ 
systems  tiig.  H.  The  Tvpe  !  isotherm  is 
char.ic t i-rist  ic  ot  sorption  where  a  iaver  of 
vapor  < mi  1 v  one  molecule  thick  is  formed  on  the 
solid.  Tvpe  2  sorpt ion  is  charac* e ri st i c  of 
sorpi  ion  where  more  than  one  lavt-r  of  va per 
is  tormed  on  the  solid  and  where  the  forces 
of  attraction  between  the  vapor  and  solid  are 
large.  tWood  exhibits  this  tvpe  el  sorption.’) 
Type  I  sorption  is  similar  to  I'vpo  2  <xcep, 
that  the  forces  between  the  vapor  and  solid 
are  relatively  small.  Tvpes  U  and  S  charac¬ 
terize  the  case  where  the  ultimate  amount  of 
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Figure  J . --Types  ot  sorption  isotherms. 
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Figure  2. —  •. f  fee i  of  temperature  on  :*,u* 
sorption  isotherm  of  wood. 

adsorption  is  limited  by  capillary  condensa¬ 
tion  in  rigid  capillaries. 

S  o  r p  t  i  on  i  s  o t  h  e  mis  a  re  go  ne  rally 
temperature  dependent.  As  temperature 
increases*  the  amount  of  vapor  adsorbed  at  any 
given  vapor  pressure  decreases  (fig.  2). 
Differences  of  up  to  5  percent  moisture 
content  exist  at  equal  relative  humidities 
between  different  temperatures. 


thermodynamics  of  Sorption 

The  adsorption  of  water  by  wood  is  an 
exothermic  process.  Most  sorption  theories 
are  derived  in  such  a  way  that  energies  of 
adsorption  are  an  integral  part  of  tin*  theory. 
The  principal  thermodynamic  quantity  of  inter¬ 
est  for  this  purpose  is  the  differential  boat 
of  adsorption,  which  is  discussed  in  detail  in 
Hearle  and  Peters  (1960),  Stamm  (I9h4)*  and 
Skaar  (1972). 

The  energies  of  adsorption  (cal./g  water) 
of  water  on  wood  involve  (tig.  3):  The  energy 
released  when  water  is  adsorbed  by  the  cell 
wall  of  wood  (or  the  energy  required  to  evap¬ 
orate  water  from  the  cell  wall  of  wood)  is 
termed  Q  ;  the  energy  released  when  water 

vapor  condenses  to  water  (or  the  energy 
required  to  evaporate  water  from  the  liquid 

state)  is  termed  0  which  is  the  heat  or 

o 

vaporization  of  water.  The  difference  betwe¬ 
en  these  two  quantities 


i -•  tile  differentia!  hear  or  adsorption.  Ihe 

is  the  additional  energy  released*  «ib<  Ve  rhe 
lie  at  of  vapor  izut  i  on  of  water,  when  water  is 
adsorbed  bv  wood.  i*  is  also  the  additional 
energy,  above  tin*  he. it  or  vaporization, 
required  te  eVUperate  Water  from  v-sd. 

There  are  two  methods  cl  determining  o 

(SRaar,  1972).  One  method  involves  the  use 
the  T ! ausius-C 1 apevron  equation  and  the 
temperature  dependence  of  tiie  sorption  is-  - 
therm  of  wood.  The  other  method  involves  rh 
m<asuri-ment  of  the  heat  given  ofi  during  the 
adsorption  of  water  bv  wood.  This  readily 
measured  quantity  is  termed  tiie  integral  hea 
*  >  /  we  t  c  i  a  g  W  <  ■ .  i .  g  wi  M'd;  an  d  is  related  to 


dw 

L  ”  ""  d"r" 


where  m  is  moisture  content  ig  water  g  wood 

Another  relationship  relevant  :<■  the 
r he rmodynami cs  of  adsorption  and  how  it  re  la 
to  sorption  theories  is  the  Oibbs-He  .  mho !  t  ?. 
equation.  This  equation  relates  the  tempera 
Jure  dependence  of  the  equilibrium  ■  nstan: 
of  a  chemical  reaction  to  the  enthalpy  *  or 
900  r 
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Figure  3. --Fnergies  of  adsorption  of  water 
bv  wood. 

Q  =  Knergv  of  evaporate  water  from  cell 
wall. 

Q  =  Heat  of  vaporization  of  water. 

Qj  =  Differential  heat  of  adsorption. 


the  reaction.  A  number  of  the  sorption 
theories  contain  parameters  that  are  cither 
considered  equilibrium  constants  in  the  model 
or  are  analogous  to  one.  The  equation  can 
be  written: 


d  In  K  _  ^ 
d  ( 1/T)  =  R 


(I) 


where  K  is  the  equilibrium  constant,  T  is 
temperature  in  °K,  H  is  the  heat  of  reaction, 
and  R  is  the  gas  constant.  The  equilibrium 
constant  can  be  plotted  against  the  reciprocal 
of  temperature  and  the  heat  of  reaction 
calculated  from  the  slope  of  the  curve.  In 
an  exothermic  reaction,  such  as  the  adsorp¬ 
tion  of  water  bv  wood,  K  should  decrease  with 
an  increase  in  temperature. 


SORPTION  MODELS 

Many  theoretical  sorption  models  have  been 
offered  as  explanations  for  the  adsorption 
phenomena  observed  in  many  polymers.  The 
approach  here  will  be  to  describe  only  a  few, 
and  to  do  so  in  more  detail  than  would  be  pos¬ 
sible  if  many  models  were  covered.  The  two 
main  criteria  for  choosing  models  for  descrip¬ 
tion  were  the  extent  to  which  the  model  can  be 
tested,  and  how  well  it  is  known  and  how 
widely  it  is  used.  Venkateswaran  (1970)  has 
listed  the  equations  of  a  number  of  these 
sorption  models.  Hearle  and  Peters  (I960), 
Skaar  (1972),  and  Simpson  (1973)  have  also 
discussed  several  models. 

There  are  several  general  categories  of 
sorption  theories.  In  one  category,  a  few 
theories  or  modifications  to  theories  attrib¬ 
ute  some  portion  of  sorption  to  condensation 
of  bulk  liquid  in  capillaries  as  a  result  of 
the  lowering  of  equilibrium  vapor  pressure 
over  these  small  capillaries.  Another  group 
of  theories  considers  sorption  to  occur  as  a 
result  of  the  buildup  of  water  molecules  in 
layers  on  the  adsorbent.  A  monolayer  is 
laid  down  first,  and  then  in  some  systems 
multiple  layers  are  built  on  it.  A  third 
category  of  sorption  theories  considers  the 
polymer-water  system  to  be  a  solution. 


Brunauer,  Emmett,  and  Teller  (BET)  Theory 

The  BET  theory  (1938)  is  one  of  the  best 
known  and  most  widely  used  sorption  theories. 
Its  greatest  use  is  probably  in  estimating 
.surface  area  from  the  adsorption  of  gases  on 
solids  where  the  gas  does  not  swell  the  solid 
Since  the  wood-water  system  does  swell,  this 


application  of  the  theory  is  of  limited  value. 
In  the  BET  theory,  gas  molecules  are  built  up 
on  the  solid  surface  in  lavers  on  sorption 
sites.  Tiu*  derivation  cun  consider  anv  number 
of  lavers,  and  lor  the  general  case  the  final 
equation  is: 


m 


V  C  1 1 
n 

x  1  -  h 


n  n  + 
I  -  ( n  +  1  )  i  i  +  nh 

1  +  (<:  -  lHi  -  o,n  + 


and  for  the  case  of  a  monolaver  of  water  vapor 
(n  =  1) : 


where 

m  =  fractional  moisture  content 
h  -  relative  vapor  pressure 

W  =  moisture  content  when  monolaver  i 
m  -it 
t  ull 

n  =  number  of  layers  of  molecules  on  a 
sorption  site 

C  -  constant  related  to  the  energy  of 
adsorption 

Equations  (2)  and  (3)  allow  us  to  calcu¬ 
late  and  examine  the  complete  Isotherm  once 
the  parameters  V^,  C,  and  n  are  known,  and  to 

visualize  how  the  model  predicts  the  way  that 
water  is  held  in  wood.  Figure  4  shows  how 
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Figure  A. — Brunauer,  Emmett,  and  Teller  sorption 
theory  fitted  with  sorption  data  at  40 r  C 
from  Wood  Handbook  (1974). 
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water  is  partitioned  in  wood  according  to  the 
BET  model.  Equation  (3)  predicts  the  moisture 
content  from  the  first  layer  of  molecules 
adsorbed  on  the  sorption  sites.  This  sorp¬ 
tion  rises  rapidly  with  relative  vapor  pres¬ 
sure  at  first,  but  soon  levels  off  at  4  to 

5  (W  )  percent  moisture  content.  Before 
m 

monomolecular  sorption  is  complete,  the  second, 
third,  etc.,  layers  begin  to  form,  and  at 
high  relative  vapor  pressures  most  of  the 
total  sorption  is  in  the  multilayer  form.  The 
number  of  layers  of  molecules  on  the  sorption 
sites  of  wood  turns  out  to  be  in  the  range  of 
5  to  10,  according  to  the  model. 


BET  Model  with  Capillary  Condensation 


A  number  of  modifications  have 
to  the  BET  theory.  One  possibility 
add  a  term  to  account  for  capillary 
tion.  Water  vapor  will  condense  in 
capillaries  according  to  the  Kelvin 


been  made 
is  to 
condensa- 
small 
equation : 


2  S  M 

wRT  ln(l/h) 


(4) 
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Figure  6. --Sorption  model  consisting  of  BF.T 
model  and  capillary  condensation.  Fitted 
with  *  orption  data  at  40°  C  from  Wood 
Handbook  (1974) . 


where 

radius  of  capillary 
surface  tension  of  liquid 
molecular  weight  of  the  liquid 
density  of  the  liquid 

gas  constant  (8.31  x  10^  erg. 

mole  ^  -  °K  1) 
temperature  (°K) 
relative  vapor  pressure 


i.o 


0.8 

UJ 

ct 

</> 

(/> 

£  0.6 
a 

or 

O 

a 

< 

>  0.4 

> 

<x 

or  0.2 


s  = 
M  = 

R  =* 

T  = 
h  * 


I  i  i  i  i  j 
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Figure  5 . --Dependence  of  temperature  and 
capillary  radius  on  the  relative  vapor 
pressure  at  which  capillary  condensa¬ 
tion  occurs. 


Equation  (4)  predicts  that  the  relative  vapor 
pressure  at  which  capillary  condensation  occurs 
decreases  with  decreasing  capillary  radius — 
small  capillaries  fill  more  readily  than  large 
capillaries  (fig.  5).  Using  equation  (4)  as 
a  basis,  a  model  for  capillary  condensed  water 
can  be  derived  (Simpson,  1973).  If  all  capil¬ 
laries  that  contain  water  are  assumed  cylindrical 
with  volume  v  and  length  d,  then 

r  =  C5) 


The  water  in  these  capillaries  is  thus  the 

portion  of  total  moisture  content,  M  ,  attrib- 

c 

utable  to  capillary  condensation.  Thus, 


M 

c 


V 

W 


2  S  M 

W  RT  In ( 1 /h ) 


2 


(6) 


where  W  is  the  dry  weight  of  wood. 

Lf  the  assumption  is  made  that  capillary 
condensation  is  a  separate  sorption  mechanism 
that  operates  in  addition  to  mono-  and  multi¬ 
layer  sorption,  then  total  sorption  can  he 
modeled  as  an  additive  combination  of  the  BET 
model  (eq.  (2))  and  the  capillary  condensation 
model  (eq.  (6)).  The  components  of  this  model 
are  shown  in  figure  6.  The  mono 1  aver  compon¬ 
ent  is  much  the  same  as  the  BF.T  model  alone 


19 


(fig,  4),  but  the  multilayer  component  Is 
reduced  at  high  relative  vapor  pressures 
because  the  model  now  allows  for  capillary 
water,  which  becomes  significant  at  relative 
vapor  pressure  above  about  0.7. 

The  inclusion  of  capillary  condensation 
adds  another  parameter,  d/W,  to  the  model  that 
has  some  physical  significance.  It  is  the 
total  length  of  capillaries  (equivalent  to 
cylindrical  capillaries)  per  unit  weigh  t  of 
wood.  The  value  of  d/W  for  wood  is  in  the 

order  of  10^  centimeters  per  gram  (cm/g)  , 
Indicating  a  considerable  network  of  fine 
capillaries  where  water  can  condense. 

A  further  indication  of  the  intimacy  with 
wh  ich  water  permeates  the  fine  structure  of 
wood  comes  from  the  term  in  the  BET  equation. 

The  W  is  the  moisture  content  that  corresponds 

m 

to  complete  filling  of  the  monolayer,  and  has 
been  used  to  es timate  s urf ace  area.  Stamm 
(1964)  has  described  this  analysis  for  swelling 
systems.  The  effective  contact  area  A  can  be 
calculated  from: 


n  i 

::  i  (Kb)  K  Kf)  .  .  .  K 


1  +  >:  (Kh)  K.K.,  .  .  .  K. 

1  l  l 

i  =  1 

where 

m  =  fractional  moisture  content 
h  =  relative  vapor  pressure 
M  =  molecular  weigh t  of  polymer  unit 
^  tii at  forms  a  hydrate 

K  =  equilibrium  constant  between  dissolved 
water  and  surrounding  water  vapor 
K-j  ,  K9  .  .  .  K  =  equilibria  constant 

between  dissolved  water  and 
hydrates  . 

For  tlie  case  of  one  hydrate,  the  model  is  : 


m 


18  /  Kh 
M  I  1  -  10  i 
p  \ 


+ 


Kj  K  )i 

r+nqnr 


A  =  aNW  /M  (7) 

m 

For  two  hydrates  : 


where 

a  »  area  of  a  water  molecule 

2  3 

N  =  Avogadro's  number  (6.0  2  x  10  ) 

M  =  molecular  weigh t  of  water 


m 


18  .  _Kh 
>f  1  1  -  K}i 
P 


K 1  Kh  +  2K]  K  ,  K~  h* 
1  +  K  ^  Kh  +  K j  K,  li  "1i 


\ 

\ 

J 


The  value  of  A  for  wood  is  in  the  order  of 
200  square  meters  per  gram,  again  indicating 
tii  at  there  miKt  be  an  enormous  contact  area 
between  water  and  wood. 

Hailwood  and  Horrobin  (HH)  Theory 

Hailwood  and  Horrobin  (1946)  developed 
a  sorption  theory  that  considers  a  polymer- 
water  system  to  be  a  solution.  Water  adsorbed 
by  a  polymer  is  assumed  to  exist  in  two  s  Late*  : 
Water  in  solution  with  til  e  polymer  (dissolved 
water)  and  water  combined  wi  tii  units  of  the 
polymer  to  f  orm  by  drates  .  Hie  theorv  is  based 
on  the  equilibria  between  polymer,  hvdrated 
polymer,  and  the  dissolved  water.  There  are 
two  type*  of  equilibria:  One  between  the 
dissolved  water  and  the  water  vapor  of  the 
surrounding*,  and  any  number  of  equilibria 
he  tween  the  hydrated  water  and  dissolved 
water.  The  general  form  of  the  model  can  be 
written: 
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Figure  7 . — Ha i l wood  and  Horrobin  sorption 
model  (one  hvdrnte)  fitted  with  •■.urption 
data  at  40°  ('.  from  Wood  Handbook  (M'.iV. 


40 


Hit*  sorption  isotherms  from  the  one-  and 
t wo-iiv drat e  models  are  sliown  in  figures  7  and 
H.  Hie  model  is  very  similar  to  the  BET  model 
in  the  partitioning  of  water.  'Hie  hydrated 
water  of  the  KH  mode L  is  comparable  to  the 
monolayer  of  the  BET  theory  (W  of  BET  compar¬ 
able  to  hydrated  water  component  at  h  -  L), 
and  the  dissolved  water  of  the  HH  model  is 
comparable  to  the  multi  Layer  water  of  the  BET 
model  (compare  figs.  4  and  7).  The  values  of 

W  of  the  BET  models  and  the  amount  of  hydrated 
m 

water  at  h  =  l  in  the  HH  models  are  shown  in 
figure  9  as  a  function  of  temperature  for 
wood  sorption  data  of  the  Wood  Handbook  (USDA, 
1974).  AIL  of  the  models  predict  similar 
amounts  of  this  water  that  is  intimately 
associated  with  wood  in  hydrate  or  mono  Layer 
form. 


King  Theory 

King  (i960)  derived  a  sorption  model  whose 
final  equation  is  of  a  form  similar  to  the  HH 
one-hydrate  model,  but  is  derived  from  con¬ 
sidering  sorption  similar  to  the  BET  model, 
that  is,  monolayer  adsorption  and  multilayer 
adsorption.  The  final  equation  of  the  model 
can  be  written  as  (Simpson,  1973): 

10  f  B  K  p  (h)  D  K0  p  (h)  \ 

18  |  1  *o  ,  2  o  \ 

m  M  \  I  +  K.  p  (h)  1  -  K.?  p  (h)  J 

p  \  1  o  2  o  / 

where 

m  =  fractional  moisture  content 
=  vapor  pressure 

h  =  relative  vapor  pressure 
M  =  molecular  weight  of  polymer  unit 

B  =  constant  proportional  to  the  number 
of  sorption  sites  in  a  monolayer 
D  =  constant  proportional  to  the  number 
of  sorption  sites  in  a  mult  Haver 
Kj  =  equilibrium  constant  between  mono- 
layer  water  and  external  vapor 
pressure 

=  equilibrium  constant  multilayer  water 
and  external  vapor  pressure 

The  model  partitions  water  into  two  maior 
portions  similar  to  the  BET  and  HH  theories: 
Water  that  is  direct lv  associated  with  wood 
and  water  that  is  somewhat  removed  from  direct 
association  (fig.  10).  The  amount  of  mono- 
layer  water  at  saturation  is  slightly  higher 
than  the  BET  and  HH  models  (fig.  9). 
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Figure  8. — Hailwood  and  Horrnbin  sorption 
model  (two  hydrates)  fitted  with 
sorption  data  at  40°  C  from  Wood 
Handbook  (1974). 


Peirce  Theory 


Peirce  (1929)  developed  a  sorption  theory 
based  on  two  types  of  water — "a"  phase  and 
"b"  phase — held  in  a  polymer.  The  "a"  phase 
is  water  bound  intimately  to  the  polymer, 
and  the  "b"  phase  is  water  less  tightly  held 
by  forces  similar  to  those  in  a  liquid  state. 
Peirce’s  model  can  be  written  as  (Skaar,  1972): 


1  -  h  =  (1  -  KWm^)  exp  (-  BWm,  )  (12) 

where 

h  =  relative  vapor  pressure 

m  -  fractional  moisture  content  oi 
a  i, 

a  water 

m,  =  fractional  moisture  content  of 
"b”  water 

W  and  B  =  constants 

K  =  constant  that  can  be  considered  an 
equilibrium  constant  between  "a" 
water  and  polymer 

The  moisture  contents  and  can  be  written: 


/ 
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Figure  I!. — Sorption  model  of  Peirce  fir* 
with  sorption  data  at  '.<>  (:  from  Wo.\J 
Handbook  (1974). 


1  -  exp  (-  Wm) 
m  —  , . 

a  W 


Wm  +  exp  (-  Wm)  -  1  .  , 

“b  W  u 

where  m  is  total  fractional  moisture  content. 
When  equations  (13)  and  (14)  are  substituted 
into  equation  (12),  the  total  isotherm  can  be 
calculated. 
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Figure  10. — Sorption  model  ot  King  fitted 
with  sorption  data  at  40°  f,  from  Wood 
Handbook  (1974). 


IV tree’s  model  is  shown  lor  vo.».j  in 
figure  !  i  .  Again,  the  model  depicts  tin*  same 
general  sorption  us  tin-  151.1,  HI!,  and  King 
models,  i.e.,  water  intimately  hound  *<  wo.nl 
and  ..  less  cigiitiy  held  component  . 

1KSTS  OK  SuKi’TloN  THHOkll.'S 

*  hie  of  the  first  demands  oi  a  sorption 
theory  is  that  it:  gives  an  experiment  a  1  !  v 
correct  sorption  isotherm.  From  a  strictly 
mathematical  standpoint,  i:  is  relative  iv  t-asv 
to  develop  .i  sorption  isotherm  that,  with  the 
use  of  several  ad  jus* able  coc 1 1  i c ient s  ,  can  he 
made  to  fit  experimeni.il  data  quite  well.  As 
a  matter  of  fact,  a  polynomial  with  enough 
terms  (six  adjustable  parameters,  Simpson, 

19  73)  can  be  made  to  l  i  r  data  wrv  well. 
However,  the  test  ot  gooilness-of - 1  i  t  of  expiri 
mental  isotherms  is  not  a  sufficient  test  oi 
a  theorv,  and  a  more  sensitive  test  requires 
a  cons i de rat i on  oi  the  energy  o!  adsorption. 


Fit  of  Kxperinent a  I  Data 

Although  1  it  ting  sorpt  ion  nodi' Is  with 
experimental  data  is  an  insult  icient  test,  it 
is  worth  examining  as  a  first  requirement  ,  as 
well  as  a  possible  useful  wav  to  correlate  and 
interpolate  experimental  data.  Figures  4,  s, 
7,  8,  10,  and  11  and  rabli  1  indiate  tin  degr 
of  fit  of  the  experimental  models  to  sorption 
dat.i  for  wood  (Wood  Handbook  ,  ! r  7  * )  .  These 


data  involve  a  series  of  isotherms  from  0°  to 
100°  C,  and  have  been  fitted  by  non  Linear 
regression  to  a  number  of  sorption  models 
(Simpson,  1973).  With  the  exception  of  the 
BET,  all  models  reviewed  in  this  paper  give  an 
excellent  representation  of  the  isotherm. 
Deviations  between  actual  data  and  the  fitted 
isotherms  are  l  percent  moisture  content  or 
less.  The  BET  model  (fig.  4,  eq.  (2))  fits 
poorly  at  high  relative  vapor  pressures,  where 
deviations  are  as  high  as  3.2  percent  moisture 
con  tent. 


Heat  of  Adsorption  Tests 

A  far  more  critical  test  of  the  sorption 
models  is  their  ability  to  predict  observed 
values  of  the  heat  of  adsorption  of  water  by 
wood.  1  he  parameter  C  of  the  BET  model  is 
Jot i nod  as: 


C  =  K  exp  (-  (Q  -  )/RT)  (15) 

V  o 


whore 

K  =  constant  (assumed  to  have  a  value 
of  1) 

0  and  0  =  as  defined  previously 

'o 

K  =  gas  constant 
T  =  temperature 


determined  by  fitting  data  to  the  BET  model. 
In  the  BET  model  only  adsorption  of  the  first 
layer  results  in  a  heat  of  adsorption.  The 
values  of  Q  calculated  from  equation  (15)  at, 

for  example,  50°  C  are  67  and  82  calories  per 
gram  (ea]/g),  respectively,  for  the  data  from 
the  Wood  Handbook,  fitted  to  the  BET  model  of 
equation  (2)  and  the  BET  plus  capillary  model 
of  equations  (2)  and  (6).  Heats  of  adsorption 
determined  either  calor ime t rica 1 ly  or  by  the 
Clausius-Clapeyron  equation  are  in  the  range 
of  260  to  280  cal/g  (Volbehr,  1896;  Kelsey  and 
Clarke,  1956;  Skaar,  1972). 

The  remainder  of  the  models  reviewed  in 
this  paper  can  be  tested  for  agreement  of  heats 
of  adsorption  by  considering  the  temperature 
dependence  of  the  equilibrium  constants  of  the 
models,  as  reviewed  previously  (eq.  (])).  When 
reviewing  the  temperature  dependence  of  these 
equilibrium  constants,  keep  in  mind  that 
adsorption  of  water  vapor  by  wood  is  an  exo¬ 
thermic  reaction,  and  as  such,  an  equilibrium 
constant  should  decrease  with  an  increase  in 
temperature  (or  the  constant  should  increase 
with  the  reciprocal  of  temperature).  In  a 
plot  of  the  logarithm  of  the  equilibrium 
constant  versus  the  reciprocal  of  absolute 
temperature,  the  heat  of  adsorption  is 
proportional  to  the  slope,  i.e.: 


.Mi  =  -  (slope)  R 


Thus,  the  differential  heat  of  adsorption, 

-  Q  -  Q  ,  can  be  calculated  from  values  of 
L  v  o 


Table  l . —  Mo i s t u re  c patent  doviati< >n  between 
fitted  isotherms  an d  act  ua 1 
sorption  data  for  wood  (Wood 
Handb  i  iok ,  19  74) 


Sorption  model 

Equat ion 
number 

Worst 
deviation 
(Pet  mois¬ 
ture 

content ) 

Average 
deviation 
(Pet  mois¬ 
ture 

content ) 

BET 

1 

3.  2 

D.  5 

BET  + 

cap i 1  larv 

1  and  "> 

0.  9 

0.2 

HH— 

one  hydrate 

8 

0.  8 

n.  i 

HH— 

two  hydrates 

9 

0.  5 

0.  1 

King 

10 

0.  8 

0.  1 

Pe i rce 

1 1 

1.0 

0.  3 

The  equilibrium  constants  of  the  sorption 
models  reviewed  here  have  all  been  determined 
as  a  function  of  temperature  (Simpson,  1973). 

The  K  values  of  the  one-  and  two-hydrate  HH 
models  are  plotted  (as  fitted  bv  linear 
regression)  as  In  K  versus  1 /T  in  figures  12 
and  13.  In  the  one-hydrate  model  (fig.  12), 
the  values  of  the  heats  of  adsorption  associated 
with  the  hydrated  and  dissolved  water  are  4. 3 
and  17  cal/g,  respectively.  The  positive  sign 
indicates  an  endothermic  reaction,  which  is 
contrary  to  observed  behavior.  The  two-hydrate 
model  (fig.  13)  does  predict  an  exothermic 
reaction  with  the  two  constants  associated 
with  hydrated  water,  and  K0,  where  the 

values  of  ,\H  are  -75.3  and  -10.8  cal/g, 
respectively.  The  sum  of  these  two  heats  is 

Q  ,  and  the  TH  associated  with  the  dissolved 
v 

water-water  vapor  equilibrium  (K)  is  ()  ,  the 

latent  heat  of  vaporization  of  water  (550  to 
600  cal/g  in  this  temperature  range).  The 
value  of  is,  however,  +h .  4  cal/g.  Thus,  the 
two-hvdrate  model  predicts  a  heat  of  adsorption 
of 


1000/T  (°K) 
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Figure  12. — Temperature  dependence  of  the 
equilibrium  constants  of  the  one- 
hydrate  Hailwood  and  Horrobin  sorption 
mode  1 . 
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Figure  l  3 .  — Tentper.it  tire  dependence  of  the 
equilibrium  constants  of  the  two- 
hvdrate  Hailwood  and  Horrobin  sorption 
mode ! . 


-79.  7  cal  V. 


which  should  <  * re  in  . i: > •> ,  ;  u>  < •  value  • 
JnO  t  >  ■  280  cu 1  g . 

In  tin-  King  model,  equ  i  :  i  hr :  urn  cons; 
Kj  is  associated  with  the  reunion  hetwee: 

water  vapor  and  polvttier,  ind  the  v-ustaiit. 

is  associated  with  tin-  tea.  :  i  on  between 
multi iaver  water  and  water  vapor.  ihus,  t 
heat  associated  with  K,  i  s  q  and  the  best 

.issi-Li.itiii  with  K,  is  U  .  i  he  tempera:  ur* 
dependence  K.  and  K,  is  -.Siown  in  li>:ur« 
and  :  he  hoJl  ads.-i i  on  is: 

o  «•  o  -  q  >  -  t!.*' *  -  ' - '' 7  i . 

L  v  o 

This  value  should  compare  witii  e  r  i  n* . 
values  of  2<>0  to  280  <a'  'g. 

The  Peirce  tlu-orv  has  one  lOt'.st  i:;t  K 
that  can  be  interpreted  as  an  equilibrium 
constant  between  water  and  poiyrur  tiharl. 
Peters,  :  9M)>.  i'hf  temperature  dependent 
this  constant  lor  wood  is  shown  in  tiguia 
Tile  value  for  the  heat  of  adsorption  cal.1 
la ted  from  the  slope  of  the  curve  is 
-Isa  cal/g,  which  should  be  compared  with 
of  2b0  to  280  cal/g  as  before.  ihe  iieat  s 
adsorption  of  all  models  are  summarized  i: 
table  2. 
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!  i  gure  IVmperat  ufe  dccnih  u*  • 

equilibrium  constants  •:  tin  kmc 
sorpt  i  on  mode  . 
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.’.--hears 


> t  a Js>! rp i  ion  y re  d i  c i  e  d 
•ration  models 


Heat  of 
ads*  rp-  oorpr 


cleat  < ' i 
i  adsorp- 
t  i  on 


HH— 

n 7  two  hvtlr.it  t-.s  79. 

c  ap  i  1  .'  .i  rv  8_’  K  l  -ag  i 

on,'  hvdr.it  e  IJ.7  :V'ir,v  it* 


Mi  chan i c a 1  I’ropertv  Irsis 

‘in-  i  xifi^i.'us  of  iiwV.  model 

.  '.in-  pnMi .  t  ion  t  hat  the  relative  m  Mu  I  us 

.  tigidi:.'  should  ho  linear  I v  i\  dated  the 
.  i:-.%  nut  ot  "a"  water.  (IViiw,  19J9;  Meivdi  th , 
19^7  i.  Meredith  (1957)  has  shown  tit  is  to  be 
true  :or  a  number  of  natural  polymers.  ibis 
relationship  .an  bo  tested  tor  modulus  of 
o  !  a-'i  i  o  i  t  v  in  bonding  i  ron;  the  known  varia¬ 
tion  ot  this  propet'tv  with  total  moisture 
content  lAooii  handbook,  1974),  and  is  shown 
in  figure  In  win- re  the  relative  modulus 
(ratio  ot  modulus  at  moisture  eontent  m  to 
modulus  at  zero  moisture  eontent)  is  plotted 
against  "a"  water  oontont  (ca 1 cu i a ted  from 
o  <  i ,  i  IP).  Hue  results  are  not  linear  as 
predicted  bv  the  theory. 


nro  I  e tape  rat  un 

i;u  i  ,  i.b  r  i  urn  ,•  oust  an? 
o rpt  i  on  aunie  I  . 


dependenci 
•!  Pei  roe 


Figure  — b! feci  o;  "a"  water  c.n*e\f 

Peirce  mode  1  on  relative  modulus  ot 
elasticity  in  bending  on  dug  las- :  i  r  a* 
70 '  K. 


Are  Sorption  Tiieories  Csorijl' 

Only  a  lew  or  the  manv  theories  *ka* 
could  be  applied  to  the  sorpt ion  ot  water  bv 
wood  have  been  discussed,  and  thus  no  , ln;m 
is  made  tor  a  comp  rehens  i  ve  review.  The 
models  discussed  represent  some  of  the  most 
widely  known  theories  —  ones  that  haw  been 
applied  to  wood  in  the  past,  and  on,-  that 
can  be  evaluated  with  actual  sorption,  data. 

The  critical  test  ot  the  theories  is 
how  well  they  can  predict  the  heat  ot 
adsorption.  Ihe  models  presented  hero  do 
not  do  at  all  well  in  this  test,  which  means 
tlu-  theories  are  weak  or  the  experimental 
data  a  re  f  an  i  t  v  .  V  a  1  ue  s  p  r  e  d  i  c  t  e  d  b  v  ?.  ho 
models  are  in  error  bv  r>0  percent  or  meat-, 
and  in  some  cases  the  models  predict  endo¬ 
thermic  react  ions  that  are  known  to  be 
exothermic.  All  models  incorporate  simpli¬ 
fying  assumptions  that  are  necessarv  in  order 
to  derive  a  mathematical  model.  Perhaps  it 
is  too  much  to  expect  these  simplified  models 
to  accurately  predict  the  energy  associated 
with  adsorption,  for  example,  one  ot  the 
simplifying  assumptions  in  the  BET  model,  that 
all  ot  the  energy  ot  adsorption  is  in  monoluver 
adsorption,  prohah'.v  -precludes  it  t  rom  accu¬ 
rately  predicting  the  heat  ot  adsorption.. 

It  one  will  a-  cep,  the  or,  mise  that  the 
simplified  models  tail  crucial  tests  because 
f  I  j  i  v  arc  simplified,  then  it  rn.iv  be  possible 
?<>  .!■  i'epf  •In-  premia.  th.it  thev  mv  not  totally 
invalid,  and  that  at  lea-m  thev  ,  rente  a  general 
concept  ot  how  water  is  in- 1  d  in  w-ed.  All  ol 
the  theories  discussed  heft  paint  the  same 
general  picture  -t  adsorption:  parr  ol  f  he 
want'  is  inti  mat  el  v  ass. via  ted  with  ccllu’ose 


1 


molecules  l mono layer,  hvdrat ed,  bound  water) 
and  part  is  distinctly  Less  intimately  associ¬ 
ated  (multilayer,  dissolved,  liquid).  ibis 
general  view  has  become  the  accepted  concept 
of  how  water  is  held  in  wood  (and  manv  other 
po 1 vme r  s ) . 

it  has  long  been  well  known  that  most 
mechanical  properties  of  wood  (and  most 
hvgroscopic  polymers)  decrease  with  moisture 
content.  IV  i  rve  lias  made  the  attempt  to  link 
sorption  theory  to  changes  in  mechanical 
properties.  Mechanical  properties  are  vitally 
important  to  the  use  and  performance  of  wood 
products,  St>  perhaps  this  would  be  a  fruitful 
area  of  research. 

The  models  reviewed  here  can  be  fitted  with 
non  linear- regression  techniques  to  experimental 
data,  and  most:  of  them  with  excellent  results. 

If  there  is  one  practical  use  of  these  models 
at  present,  it  is  their  excellent  ability  to 
correlate,  interpolate,  and  compactly  store  a 
large  amount  of  sorption  data  tor  wood.  The 
analysis  of  Simpson  (1973)  shows  that  moisture 
content  can  be  calculated  with  deviations  f 
no  more  than  1/d  percent  moisture  content  over 
the  entire  moisture  content  and  temperature 
range.  This  accurate  and  compact  storage  of 
sorption  data  can  be  very  useful  in  many  kinds 
of  mathematical  or  computer  modeling. 
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Kili.A'ilYh  HUMIDITY  AM:  MOISTURh  CONTi-.NT  I  NoT  NTA'i  i  JN 

T.  C.  Beall 
nt-yr>r Company 


This  paper  discusses  the  ch  j  r  jc  t  e  r  i  s- 
tic:',  use,  and  problems  assoc  i  atod 
with  commonly-employed  RH  and  MC 
instr  .i.Tentc.  RH  instruments  include, 
hyp romc torn ,  psychro.moter.g,  and  dew¬ 
point  son::  or:'."-  Further  information  on 
t  hei-jo  may  be  found  in  Anon.  (1979)  , 
JoRwidino  ( l •  r  )  ,  Cons i Pine  and  Rose 
1  1964)  ,  Not  ton  (1969)  ,  anti  Wexler 
i  1  9  f>  1  .  MO  ;  r.nt  r  ..;r.f>ntat  i  on  ./over  a  :< 
IS  limited  to  pot  t  1  eOtS  teal 

moist  are  moti-i  .  Additional  i  acri- 

g round  mi  or  mat  ion  on  moisture  meter  : 
may  be  ot.tam.cd  i  torn  A  A  TV.  .:190a), 
dame;-;  <1963!  ,  dame,-.  ■  197V'  ,  at,  i  skua; 
(1977). 

Relative  humid  i  tv  m..n  r  itvnt.u  hr 

Relative  humidity  inrt  rumen tn 

jenora  Uy  tail  uiv  throve-  categor  ms : 

hy  i  romot.  er  •  ,  psy-h  r- >me  t  •'  r  s  ,  and  dew¬ 
point  sen.:  -  tv.  hygrometer 

responds  to  rh-  ■  .  r  ■" ■•■t  i p.t . -rant  i on  o! 
water  vapor  in  i  •  v-  owit-i  mater  ial  , 

producing  a  a  1  .r  phys  ical 

reaction.  P  -ychrtimet.  to:  measure  r.  la- 
t  i  v  e  hum  id  it  y  i  nd  i  r «  1 1  v  t  w  r  -  -  :  i  - 
evaporative  port  i  i  ng  ot  a  temper  at  uro 
sensor  and  hy  reference  to  psvcho- 
metric  tables  f or  dry  bulb  and  wet  bulb 
temperatures.  Dew-point  sensors  also 
sense  relative  humidity  indirectly  by 
measurinp  the  temper at  are  at  which 
condensation  (or  trostl  occurs  in 
coolinp  of  trie  particular  qas. 

■  Li"  r  °rte  te  r  s 

Hydrometers  may  be  classified  as 
toll ows : 

L .  Me  c  h  a  n  i  c  a  L  -  c  h  anp  e  in  dir.cn- 
. lions  of  a  mater  ill  from  sorption  of 
mo i a t  are . 

2.  Kleott ieal  reactance  -  chunpe  ir 
re;  i:t  .in  ce  or  reactance  of  a  material 
-■r  ci  i  I  aci  from  physical  or  chemical 


tracts  durinp  adsorption  ar/.i  de;.. 
t  ion.  The  mater  ial  is.  need  in  ten 
and  mechanically  l.nx.eo  to  ar.  i 
eating  dial.  Sues  instrument'; 
useful  only  as  trend  indicators  s 
they  have  lonq  t  lire  constants  f  i 
20  0  si,  display  excessive-  r 

(about  ~A  HI!  or  store  eve-  i 
90*  RH)  ,  are  nos.- linear  in  respo 
have  a  poorly-predictable  re  up 
with  temperature  changes ,  ana  ex: 
aging  effects.  They  are  net  suit 
lor  use  in  instrumentation 
control  of  relative  humidity. 

Reactance  hygrometer::  goner 

c  o  n  s  i  n  t  o  f  h y  q  r  o  sc  op  i  c  s  a  1 1 
activated  films  which  decrease 
t  es.  i  st  ivity  with  a  n  :  nc  re  a  so  i  n  <?• 
tier,  of  water  vapor.  The  most  vi 
used  element  is  made  from  a  low 
cent  rat  ion  of  lithium,  chloride 
plastic  binder  which  was  develops 
Dunmore  at  MBS.  Trie  "Tun 

element  "  is  usual  i  y  f a hr  i  ca Led 
bifliar  windings  ,/n  a  cylindr 
t  she  wh  i  ch  are  coated  with  a  p 
vinyl  hinder .  When  connected  as 
of  a  bridge,  the  chance  in  react 
of  the  sensor  may  be  used  to  i nd i 
and/or  control  relative.  hu.xi 
levels.  It  temperature  correct 
are  applied,  most  cl  these  s--n 
are  fully  usable  over  a  wide  KH  i 
(10  to  90*!  1  roip  about  A  to 

(provided  condensation  dive,  not 
on  the  element)  with  a  repeat-*!"  i 
of  about  +  1  to  +  H  R!i .  If  ur. 
rocted  for  temperature,  a  typ 
mid-range  sensor  (30  to  60%  RH) 
vary  in  indication  by  a 


0.3%  RH/C.  Low  RH  s 
ranges  extend  f-nlow  10' 
designed  to  hr  exposed 


sensors  \w 
10*  RH!  are 
od  t o  dew-; 


•  I'-.'.-  i  !  hygrometers.  generally 

:Mm  jutf.ru'  such  as  ha  i  r  or  animal 

is.  w1’  ir!:  extend-"  and  con - 


temperatures  over  3R  v .  Above  i 
Dunmore  elements  may  he  i! rovers 
'3-1/ 7!G']^.:i,  When  i.jsPfi  in  ji  %  tv  atr 

pheres,  the  element  can  he  enclc 
within  a  cellulose  acetate  ; 
although  it  will  incteasc 
response  time.  Acid  or  rail 

atmospheres  w i 1 1  permanently  st 
the  element  ca 1 i hr  at  ion .  o' 

choir,  ion  1  con*  am  i  nunt  p  such 


alcohol;:,  ammonia,  and  g  ycols  can 
ause  temporary  displacements.  Be  tor o 
Danmore  elements  are  used  over 
sat  ar  a t ed-sa 1 1 ,  glycerin-water,  or 

acid-water  solutions,  I’cnt am i na t ion 
should  he  ant  ic  ipatod  ,  part  10  il.it  !y 
tor  temper  jtune-:  abevo  ambient  .  The 
normal  time  constant  Ini 
elements  is  abo.it  1  to  30  r  f*  . .  ’ally 
15  s)  depend  ina  on  the-  particular 
design  and  decree  :  vers  I  1  at  ion. 

Klements  are  available  in  a  mule  w  i 
range  (about  =-  to  95  »  RH!  a  mu  t  i  p  1  •  • 
range  (about  10  to  RH  st--p:;!  con- 

t t qa rat i ons . 

A  number  ol  !  ilm-type  ser  sor  s  nave 
been  developed  including  ;url.io- 
activatcd  polystyrene,  carbon,  and 
aL-.rr.inum  oxide.  These  are  wide-range 
sensors  having  some  ot  the  same 
problems  associated  with  the  Dunmorc- 
sen.sor  sue:.  as  contamination  trom 
part  icu later,  or  chemicals.  All  are 
susceptible  to  error  s  trom  hysteres.  ., 
temperature,  and  response  time. 

Ps vch roxote r  s 


i’s y  : rr  r  oxer  e r  s  can  be  placed  in  two 
::r:ys  :  c.,  1  categories:  sling  and  fixed. 
The  following  are  important  factors 
kbit:*'  at  feet  the  accuracy  of  wot- 
r  :  dr  y-b u  1  b  sensor  s : 


1.  Adequate  ventilation  of  the  we t - 
b  :  1 h  sensor  wick  (about  5  m  s 
T  : am  i  . 

2.  Distilled  water  (contaminated 
water  causes  a  shift  in  the  rate  of 
von  t.  i  i  a  t  ion )  . 


).  Matched  dry-bulb. wet-bulb 
sensors  over  the  temperature  range  of 
interest. 


4.  Shielding  of  the  temperature 
sensors  from  extraneous  radiant 
o  n  e  r  g  y  . 

5.  Correction  of  readings  for 
atmospheric  pressure. 

When  used  with  care,  we  11 -designed 
slim  psych  r  i  ime  ter  s  are  among  the  most 
arc. irate  portable  sensors  for  deter¬ 
mining  the  relative  humidity  of 
conditioning  rooms.  The  principle  of 
t  h>'  sling  pr.ychromcter  has  been 
incorporated  in  "aspiration"  or  Assman 
h  r  <  ee  t  e  r  s  ,  which  cool  tire  wet  bulb 
f  y  drawing  air  river  the  wick. 


(Air  is  not  pushed 
because  of  the  po:-:s 
blower  motor  heat  in 
i  i  r  .  i 


couple..,  thermistors,  RTL:.  :  .•.■x-r 

resistance  <■  ; . -r. t  ::  ,  arc:  II  :;d-!  i  i  >  : 

cat  i or.  and  in  the  or  slundur  : 

1  i  1  1  ed  :■  ilbr.  ate  advantageous  s  ccj  use 
ot  the  simplicity  in  design  or  prag¬ 
matic  controller.;  indicators  s  jc::  as 
are  used  in  1  umber  dry  'air,::, 
However,  these  sensors  may  nave  long 
time  constants  (minutes;  urns,  calibra¬ 
tion  of  the  entire  system  over  a  wide 
range  is  difficult.  'i  he  current 
trend  in  controller  indicator  instru¬ 
ment  r.  is  toward  resist  i  ve-typ*.- 
sensors  with  I-P  convertors  tor  use 
with  pneumatic  controls,  or  complete 
conversion  to  electronic  controllers, 

Dew-po i nt  .sensors 

D'w-pomt  sensors,  like  psyct.ro- 
meters,  measure  relative  humidity 
inciiiectly.  Saturation  v  apor re -- 
sure  tables  are  used.  ->  cow er-.  k-w- 
point  temper  at  ut  e  to  :  <•!  at  i  ve 
humidity.  The  dew-point  instrument 
can  be  remotely  located  from  flic- 
measuring  environment,  as  *  ng  heated 
and  or  insulated  lines  to  insulate- 
tne  air  sample.  In  this  way,  a  single 
instrument  can  monitor  mult  t pie 
chambers  through  manual  ot  automatic 
switching.  The  simplest  torm  cf  dew¬ 
point  sensor  consists  of.  a  polished 
surface  which  is  cooled  until  dew  or 
frost  first  appears.  At  that  point, 
which  can  be  directly  observed  by 
microscope  or  indirectly  using  light 
sensors,  the  temperature  of  the 
surface  is  measured.  By  cycling  the 
temperature,  the  dew-point  can  be 
measured  as  a  function  of  time.  Those 
meters  can  he  made  to  accuracies  of 
+  0.5  C  or  less  and  can  be  manually 
operated  or  highly  automated.  The 
major  problems  relating  to  their 
construction  and  use  are: 

1.  Temperature  sensor.  The  host 
quality  instruments  us.o  resistance- 
type  sensors  which  are  in  intimate 
contact  with  the  cooling  nut  face. 
Temperature  accuracy  and  response 


■ !  r  1  •  1 1  !  ■  •:  t  1 1  > 'r  l . •  :T. •  •  i  -  i t  •  • ■  r , •  - . 

.  2  ; ;  :  a  .  Mint  j:r  i  :m  t  i  ■  .r: .  1  r  *• 
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tunt  >  ii.ior.ua  i  to  ae.i  Cort  :  na  19?9i  . 
Most  piai:t  u'.;  arui  r  tubing  ;r,o  lei 

no  avoided  a-  oi  tia.-:  i  i.yyro- 

scop-ieity  atui  vapor  tranaiuicsioR.  .  he 
moat;  suitable  wide  range  mat  or  lai  a  are 
>jijss  and  stainless  a  tool  .  Bott.  the 
samp  I  ing  line  and  instrument  s  ho  alt]  he 
heated  it  the  dew-point  in  above 
ambient  temperature. 

Another  form  of  dew-point  measurement 
user,  the  vapor  equilibrium  temperature 
of  a  heated  saturated  salt  such  as 
lithium  chloride  (Consicline  and  Ross 
1964).  A  wick  containing  the  salt 
solution  is  heated  to  the  evaporation 
point,  which  increases  the  resistance 
an  1  therefore  reduces  the  heating, 
leading  to  thermal  equilibrium.  This 
technique  is  inherently  less  accurate 
than  that  using  a  polished  surface 
Because  of  hysteresis  and  chemical 
contamination.  However,  it  lends 

itself  to  simplier  design  (no  re! r iq- 
erat ion)  and  may  be  advantageous  for 
readings  near  ambient  temperature. 

CaJ.  i  bra t  i_on_ ot'  RH  sensors 

Calibration  of  relative  humidity 
instruments  is  difficult  and  often 
beyond  the  capability  ot  we  I L-equ i pped 
laboratories.  The  most  accurate 

calibration  equipment  uses  a  two-pres¬ 
sure  generator  in  which  saturated  air 
is  isothermally  expanded  into  a  lower 
pressure  calibration  chamber.  Alter¬ 
natively,  constant  relative  humidities 
may  be  produced  by  accurately  mixing 
dry  and  saturated  air  at  constant 
pressure  and  temperature.  When  used 
with  high  quality  dew-point  instru¬ 
ments,  the  mixed  air  dew-point  may  be 
controlled  within  +  0.1  C  between  -10 
and  40  C.  However,  those  types  of 
equipment  are  normally  available  only 
in  laboratories  havinq  primary 
standard  measurement  capability. 

In  the  typical  laboratory,  constant 
relative  humidity  is  ol ten  obtained 
through  the  use  ot  saturated-salt 


oi  a?  ion::.  A1  though  trsey  are  widely 
i ,  large  errors  may  be  caused  by  a 
number  of  factors  including: 

1.  solution  preparation  'pore 

chemicals,  distilled  water,  proper 
m i x  i  ng ,  complete  saturation,  tempera- 
t  are  equ  i  ]  i h  r  i um. )  . 

2.  Solution  chamber  design  t large 
solution  curt  ace  to  a i r  ratio, 
s;  i  n  :  ;•  ur:  volume  ol  hygroscopic  mate¬ 
rials,  continuous  stirring  of  soi.i- 
t : on  and  air'  . 

3.  Sol i:t  ion/charnt.er  use  'closed 
system,  constant  temperature: 

under  the  best  ot  conditions  and  care 
in  preparation,  saturated-salt  solu¬ 
tions  can  be  within  *  ]»  RH  of 
published  values.  For  greater 

accuracy,  a  reference-quality  RH 
sensor  must  be  used.  Table  1  gives  a 
list  of  typical  saturated  salts  and 
their  RH  values  as  a  function  of 
temperature  . 

Moisture  content  instrumentation 

Sur  face  moisture  cont e n t 

The  measurement  of  surface  MC  has 
normally  been  either  directly  through 
thin  slices  from  the  surface  of  a 
sample  or  indirect  ly  from,  inference 
of  the  EMC  conditions.  Contact: 
electrodes  can  be  used  to  oi tain 
direct  readings  of  "surface"  resis¬ 
tivity  which  can  be  converted  to  MC , 
although  the  depth  ot  reading  into 
the  sample  is  uncontrollable.  An 
intermediate  method  involves  moni¬ 
toring  the  mass  of  end-gram  slices 
of  a  sample  exposed  to  the  same  drying 
conditions.  None  of  these  approaches 
provide  an  instantaneous  measure  of 
the  true  surface  MC  or  permit  dynamic 
measurement  over  a  wide  MC  range.  An 
alternative  to  these  methods  is  the 
direct  reading  of  surface  moisture 
content  using  intrared  (IR)  tech¬ 
niques.  Commercial  IR  moisture 

meters,  permit  non-contacting  measure¬ 
ments  over  the  complete  range  of  MC 
with  a  minimum  of  necessary  correc¬ 
tions.  The  eltectivo  depth  ot 

measurement  is  a  I 'out  0.1  ,.m  foi  wood 
at  typical  wavelengths  of  1.4  or 
1.8  urn.  The  most  set  ions  limitation 
is  ttie  ditt  iculty  in  calibrating  to 
obtain  sufficient  jcouiucy,  howevei , 
the  precision  is.  probably  bet  tot  than 
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1)Ull'[  dllt‘l'1  i  >  I  l!ldl  led  tech¬ 
nique.  The  IK  imr-tui  i>  mo  tor  ha:-,  t  !io 
added  udv  m  t  age  ot  being  al’lo  to  view 
the  wood  : .  li  i  t  arc  through  a  window, 
potmitt  iiw  monitor  i  ng  of  samples  in 
hni'it  i  It'  onv  i  ronmont  s .  It  in  a  1  so 

pos.s  i  b !  ••  to  measure  suituce  tempo  t  a- 
tato  :i:an>:  other  IK  wav"  1  eng  t  i  > 

(  miloi't-ndent  ot  MO  and  inter  surtace 
MC  or  provide  supplemental  i  nt  or  mat  ion 
on  surface  cond  i  t  i  one. . 

KMC  probes 

A  DC  :ro  in  tare  meter  ^  >  n  he  used  to 
measure  MC  ot  small  sections  ot  wood, 
indtieetly  old  a  I  n  i  tM  the  environ¬ 
mental  KMC.  Wood  probes,  are  iraal ly 
made  t  rom  DouglaS-tit  (meter  calibra- 
t  ion  ni'iviof.t  wit.!,  conduct  i  vo  coat  i ngs 
and  lead  wires  attached  (Dull  ldt.b). 
’.'liif.  type  ot  pr  oho  can  also  he  inserted 
into  predrilled  holes  m  wooden 
members  to  indirectly  obtain  KMC  oi 
wood  m  service.  The  response  time  is 
Ion;  : hoars)  and  conductivity  will 
increase  wit.!',  tho  time  oi  DC  voltage 
appl icat ion  it  a  metallic  coating  is 
used.  In  ordoi  to  avoid  t  lie  ionic 
:rt  ig  r  a?  ion  lion  metallic  coatings, 

.  \i t  :  or.  sis  i  1  so  ;  .eon  used  . 

Conduct  unce  no  i  stare  motet  s 

Common'  l  il  IX'  moisture  meters  are 
normally  calibrated  tor  a  direct 
reading  of  moisture  content  1  rom  tho 
pabl  i  shed  res  i  stanee-MC  curve  of 
Doug  1  as- 1  l  t  .  The  meter  operates 

simply  as.  a  wide-range  ohm.meter  from 
about  10  to  10  ohms,  as  measured 
between  pins  usually  spaced  UK  mm 
apart.  Older  models  ot  PC  moisture 
meters  used  high-input  impedance 
circui's  having  electrometer  tubes; 
newer  solid-state  designs  incorporate 
FKT  DC  amplitiers.  Meters  must  be 
calibrated  tor  tho  temperature  their 
circuits  ire  exposed  to.  The 

practical  lowei  limit:  ot  measurement 
at  room  temperature  using  pott.i^lo  DC 
s.'jjji  is  t>  to  7*  Mr'  (IP''1  to 

1.)  ohms )  .  The  upper  1  unit  on 

portable  met. us  vat  o  s,  but  many 
indicate  leadings,  •  >  70*  MC .  Any 
readings  made  .drove  ,  C.P  are  gaalita- 
t  iv..,  •■xcs.pt  when  r!ie  t  emper  at  uie 
rnrovt  ion  !  i  i  ng s.  f  tie  t  . •  ad  i  rig  below 
KST.  Permanent  ly  install'd  pins  can 
provide  .  ent  1  -  ■  luat.  t  lt.lt  1  v>-  values  I'M 
'If.'l  1  ni|  MC  I  n'T  it  . .  v  *  ■  KKP,  but 

po  i  .it  -f  a-ttr  ■  i  tit  coma  .r  i  s  .n  iboy  PSP 

are  i  ■. : i  a  1  1  y  un r  <■  1  I  a i  !  > - . 
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ot  0.25  the  distance  t  rom  eac!:  pirt 
toward  tt'.t'  other;  also,  doubling  t  he 
pin  spacing  increases  the  resistance 
only  about  25*).  The  influence  ot  pin. 
depth  on  readings  is  largely  ignored, 
but  bare  pins  driven  into  wood  Slaving 
a  uniform  MC  will  give  readings  wilier, 
increase  with  depth  because  of  t he 
greater  pin  contact  area.  However, 
ttie  same  effect  occurs  it  the  wood  has 
a  normal  drying  gradient  (lower  MC  on 
tho  r.iirlace).  for  this  reason,  the 
use  ot  insulated  pins  provides  more 
accurate  and  consistent  readings, 
electrodes  having  ditterent  numbers 
ot  pins  with  the  same  spacing  do  not 
give  equivalent  readings.  Since  the 
Doug  las- 1  i  r  resist ance-MC  curve  was 
based  on  a  4-pin  electrode,  the  2-pin 
elect  rode  reads  about  twice  tho 
resistance  ot  that  of  the  4-pin  at  any 
MC.  Meter  readings,  (MC)  tor  2-pin 
electrodes  tend  to  be  too  low  (about 
0.5*  at  10 *  MC ,  1  %  a t  2 0 *  MC )  .  A 
relat  i vo  increase  of  5*  at  any  MC 
appears  sufficient  to  correct  motets 
which  have  been  calibrated  tor  4-pin 
resistivity.  Kiqht-pin  (veneer ) 

electrodes  read  lower  in  lesistanc 
(tie  tween  .41  and  50*1  than  that  ot  t  ho 
4-pin,  depending  on  relative  pin 
depth  and  veneer  thickness. 

When  pins  are  implanted  to  provide 
long-term  and  or  remote  readings, 
several  problems  may  arise.  Wood  at 
constant  MC  gives  readings  (ina.i. 
intermittently'  which  decteas.e  wit!; 
time,  appaiently  because  ot  "tibei 
t  !  a  x  1 1  i  on  ,  "  the  rhr.'li's  u'.i  1  de  t  oi  mu  - 
t  l .  >n  ot  wood  t  i  sa  ge  unde  i 

mechanical  I oi co  a)  the  jin; 


will 


reduces  surtace  contact  pressure.  species,  particularly  at  higher 

This  contact  can  be  restored  by  moisture  content  and  probably  at 

lightly  tapping  the  pins.  It  MC  is  higher  temperatures, 

changing  substantially,  as  in  kiln 

drying,  shrinkage  ot  the  wood  loosens  Some  newer  meters  have  built-in  dial:: 

the  mechanical  fit  of  the  pins,  to  compensate  temperature  directly  by 

increasing  contact  resistance.  Also,  shifting  the  meter  calibration, 

if  the  MC  is  high  (above  about  20%)  pin 

corrosion  may  increase  this  inter-  Species  corrections  are  perhaps  the 

facial  resistance.  The  integrity  ol  greatest  uncertainty  in  MC  readings, 

mechanical  contact  can  be  improved  by  Such  corrections  are  usually  supplied 

using  predrilled  holes  with  special  by  meter  manufacturers,  but  little 

pin  shapes,  such  as  modified  screws.  effort  has  been  made  to  provide 

unbiased,  statistical  data.  For  most 
Since  DC  resistance  meters  provide  MC  species  below  about  15%  MC ,  the 

readings  at  specific  points,  it  is  not  correction  is  small  (less  than 

possible  to  directly  obtain  average  MC  1%  MC) ,  but  above  this  level,  the 

in  wood  with  moisture  gradients.  The  needed  corrections  may  be  substan- 

most  widely-used  technique  is  to  drive  tially  greater  than  recommended  (Cech 

bare  or  insulated  pins  to  about  0.2  the  and  Pfaff  1973).  An  added  problem  at 

total  depth  of  a  board  which  has  a  this  MC  level  is  the  apparent 

normal  ("parabolic")  drying  gradient.  decrease  in  MC  with  time  of  voltage 

application.  This  occurs  from 

The  major  two  corrections  necessary  polarization  effects,  probably  near 

tor  accurate  MC  readings  are  tempera-  the  pins,  which  increase  rapidly  with 

ture  and  species,  applied  in  that  moisture  content,  particularly  above 

order.  Temperature  corrections  about  20%  MC,  and  arc  affected  by 

published  by  James  (1963)  are  wood  extractives.  MC  readings  in 

generally  reduced  to  a  simplier  this  range  can  be  stabilized  by  using 

tabular  form  by  manufacturers.  low  frequency  AC  or  switched  DC 

However,  there  are  problems  in  the  voltages, 

interpretation  and  use  ot  this  data  -- 

no  information  is  provided  to  explain  Data  has  been  published  ir  the  Wood 

variability,  species,  significance  of  Handbook  (1955)  for  the  DC  resistance 

the  cu r ve- fitting,  etc.  Skaar  (1972!  ol  29  species  t tom  7  to  25%  MC .  James 

has  proposed  an  approx i ma t  ion  tor  (1963)  has  ext  ended  this  data  to 

James'  data,  based  on  a  reference  cover  an  additional  seven  species, 

temperature  ot  21  C  ind  from  tl  -  6  to  Untoi tunatolv ,  the  resistance  was  not 

28%  MC:  transformed  to  resistivity  (the 

electrode  configuration  has  also  not 
d0  .  nnAr  ,,  been  tullv  reported)  ami  no  statis- 

df  '  ‘  tical  data  is  presented  in  either 

source.  In  addition,  species  intor- 
However,  data  provided  by  Skaar  (1974)  mation  such  as  density,  growth  rate, 

based  on  heartwood  and  sapwood  of  five  EW/LW  percentage,  and  hoart.wood  or 

species  at  12,  18,  and  24%  MC ,  appear  sapwood  has  not  been  included, 

to  tit  a  relationship  closer  to: 

According  to  Stamm  (1  964)  ,  resis- 
dO  .  0  06  +  o  02  U°-  l>  tivity  perpendicular  to  the  grain  is 

dT  ‘  ’  “  approx imutely  two  to  three  time:;  that 

measured  parallel  to  the  grain. 
This  relationship  suggests  a  reason-  Since  moisture  meters  are  calibrated 

ablv  constant  slope  above  about  tor  par a  1 le 1  - to-qr a l n  resistance, 

18*  MC ,  which  is  supported  by  the  tact  readings  made  transverse  to  the  qtain 

that  the  18  and  24%  slopes  were  not  may  be  about  1  to  2%  MC  lower  than  the 

significantly  different.  From  the  true  values.  Radial  j  o  s  i  s  t  i  v  i  t  y  is 

variability  in  Skaar's  data  (about  usually  lower  than  tangent  lal  because 

t  10%  range  at  12%  MC,  and  +  20%  range  ot  the  influence  ol  t  he  rays..  It 

at  18  and  24%  MC),  it  appears  that  Hie  would  be  anticipated  ttiat  as  density 

nominal  correction  curves  proposed  by  increases,  the  DC  resistance  <>|  wood 

James  (1961)  are  not  generally  appli-  should  decrease  since  the  amount  ot 

cable.  Apparently,  the  mode  of  DC  cell  wall  material  per  unit  volume  is 

conduct ivity  is  not  uniform  for  many  greater.  An  apparent  increase  in  MC 


would  be  caused  by  this  decrease  in 
resistance.  For  individual  wood 
species,  the  density  variation  is  too 
small  to  cause  detectible  errors  in  MC 
readings.  However,  the  range  ot  rela¬ 
tive  density  of  commercial  species 
(nominally  0.3  to  0.8)  could  cause  an 
error  of  0.5  to  If  MC  in  readings,  if 
density  were  the  sole  factor  influ¬ 
encing  DC  resistance.  To  some  extent, 
this  appears  to  be  the  case  for  the 
species  corrections  recommended  by 
meter  manufacturers.  The  higher 
density  hardwoods,  in  general,  must 
have  their  MC  readings  reduced,  but 
ion  concentration  and  mobility  among 
species  is  apparently  the  controlling 
variable  and  obscures  tin  density 
influence.  Venkateswaran  (1972)  found 
that  the  DC  conductivity  of  14  species 
of  wood  at  about  12%  EMC  and  in  the 
ovendry  state  was  highly  correlated 
with  lignin  percentage  (Klason 
method).  Conductivity  increased  about 
10-fold  over  the  range  ot  19  to  31% 
lignin  content.  This  may  be  inter¬ 
preted  in  several  ways:  lignin  could 
have  ions  associated  with  it  in  a 
reasonably  uniform  concentration 
regardless  of  species  and/or  the 
continuity  and  structure  ot  lignin 
controls  ion  mobility.  Ft  toots  ol  ash 
content,  extractives,  poet,  ion  wood, 
fibril  angle,  etc.  have  not.  been 
studied  sutticient.lv  to  be  ot 
practical  use  in  DC  conductivity 
measut.  ement.t . 


Dielectric  moisture  meters 

Two  "types"  of  dielectric  moisture 
meters  are  commerc i  illy  available. 
"Power  loss"  meters  react  piimarily  to 
resistive  reactance  and  "capacitance" 
(or  “admittance")  meters  are  more 
sensitive  to  dielectric  constant. 
Frequency  is  the  major  determining 
factor  for  “he  mode  and  MC  range  of 
operation.  For  example,  a  meter  oper¬ 
ating  at  100  kHz  (25  C)  has  a  high  loss 
tangent  (resistance  mode  ot  operation) 
and  is  apparently  sensitive  to.  MC 
changes  above  FSP.  At  1  MHz,  t  he  meter 
is  about  equally  sensitive  to  resis¬ 
tance  and  dielectric  constant  below 
FSP.  For  10  MHz,  the  resistance 
effect  is  relatively  small  (tan 
•  •  0.3)  and  correlates  poor  ly  with 
MC ,  therefore,  the  meter  responds 
largely  to  the  dielectric  constant. 
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meter  is  sensitive  to  MC  between  i'bj- 
and  ovendry,  whereas  the  capacitance 
meter  is  potentially  sensitive-  w-r 
the  entire-  MC  range  (green  to 
ovendry).  Both  types  ot  motets  v.v 
arbitrary  readout  scales.  The  meter 
value  is  converted  to  moisture 
content  by  a  calibration  table  tot 
the  spec  it ic  species  being  measured. 
Power  loss  meters  are  influenced 
primarily  by  the  nature  ana  concen¬ 
tration  of  extractives  in  the 
species.  Capacitance  meters  art- 
influenced  more  by  moist  jr'-  concen¬ 
tration  than  MC ,  particularly  above 
FSP.  Dielectric  meters  use  surface 
contact  electrodes,  generally  ot  a 
concentric  coplanar  configuration 
which  produces  an  "edgo-e t t ect " 
electric  field.  The  typical 

electrodes  always  have  a  component  ot 
the  electric  field  along  all  three 
major  axes  of  wood,  therefore,  t  •-.<• 
influence  of  grain  angle  on 
electrical  properties  must  lie  con¬ 
sidered.  These  effects  are  quite 
different  tor  the  loss  tangent  and 
dielectric  constant.  For  all 

practical  purposes,  radial  and  tan¬ 
gential  aspects  may  be  combined  into 
"transverse"  for  dielectric  constant. 
However,  above  about  20*  MC ,  loss 
tangent  is  considerably  greater  lot 
the  radial  than  the  tangential  plane, 
possibly  because  ol  the  influence  ot 
the  rays  on  conductivity.  The  linear 
dependence  ol  dielectric  constant  on 
MC  above  FSP  has  been  established  by 
Skaar  (1948).  .Since  the  electric 
field  i  n t:  c n s  ity  will,  do c r  e a s e  wit: 
distance  from  tin.'  e !  ect :  ode ,  it  is 
expected  that  dielectric  meters  may 
ho  more  sensitive  to  moist  me  closet 
to  the  electrode.  This  is  parti¬ 

cularly  true  ot  power  loss  meters 
which  may  bo  nearly  insensitive  to  MC 
levels  at  2.5  mm  below  the  wood 

surface  (Mack.vy  19761  .  In  contrast, 
capacitance  meters,  provide  a  reason¬ 
able  integrating  etloct  lor  widely- 
varying  moisture  content  distribu¬ 

tion;:  (Dennis,  and  Beall  1977  ).  Since 
contact  pressure  o|  the  electrode 
critical  in  powr  loss  readings., 

s.pr  i  ng- loaded  1  k-  t  r  odes-  are  su'd. 
Abnormal  salt  I  ace  Conditions  (high 
moisture  content  I  era  condensation, 
chemical  oontuminat  ion)  may  cause  ,i 
substantial  '-i  |  g  in  power  loss 
reading:;,  but  •  iv>  negligible  etloct 
on  cap. ic  1 1  an.  ■  readings. .  boss 

tangent  and  dielectric  constant  ot 
wood  are  temper  at -at  e  dependent  (.lame: 


t 


commorc i a  1 1 y 

mo  *-.n  r  r>  ,  t-  ho 


i>f  >wo  r 


1975),  but  limited  data  is  available 
for  corrections  of  specific  power  loss 
and  capacitance  meters  (ASTM  1978). 


Table  1. 

E'qu i 1 i br i urn 

Relative 

Humidity  Over  Saturated  Salt 

Solut ionsd 

Nomina  1 
RH  (%) 

Temperature 

(C) 

Solubility  (20 
(q/100  ml ) 

Salt 

15 

20 

25 

10 

LiCl 

11.94 

11.14 

11.15,  11.05 

78.5 

20 

CaBr  j 

17.9 

143.0  (6  »20) 

30 

CaCl, 

35.65 

32.75 

28.98 

74.5  (6  H20) 

4"1 

Nal 

40.54 

39.17 

37.75,  38.4 

178.7  (2  H20) 

50 

Ca  (NO-j)  2 

49.97 

56.39 

60 

NaBr 

57.7 

47.5 

70 

KI 

70.96 

69.84 

68.76 

144.0 

80 

KBt 

82.76 

81.74 

80.77,  80.71 

65.2 

90 

BaCl2 

91.03 

90.66 

90.26,  90.19 

35.7 

Compiled  from  Wexler  (1965).  For 
dependence  see  Wink  and  Sears  (1950). 


additional  salts  and 


temperature 
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Pacific  Yew 


Warn  fxt  i  M>'t  ini  woods  in  rwnnir.c 

cold  wnti-r  and  in  runnin.o  hot  llai*'!)  wator  for 
periods  of  three  or  more  weeks  and  c ■  on-pa  red 
t.he  shrinkage  of  the  extracted  specimens  to 
their  um'xtraeted  counterpart  .  In  airiest  ever, 
instance,  extraction  caused  an  increase  in 
volumetric  shrinkage  (fir,.  \)  .  little  cii.ira 
■  w cur  red  with  Sitka  spruce  ,  a  species  with 
ne*;l  i  t»,ih  le  extractives,  hut  ndve.-d  and  mhocanv 
exit  ihi  ted  sizable  increases  in  volumetric 
shrinkage  following,  extraction,  esp.-j.iall1  hot- 
water  extraction. 

Nearn  t.  1  *•> "S >  a  1st'  cal.ulated  siepe  o* 

the  sh  ri  nka  vh-ho  i  st  ure  content  cu..o:>  and  sound 
that  tliese  differed  s  i  pn i f i cant  Iv  I’etvcrn  spe.it'; 
but  did  net  ditier  s  i  p.n  i  t  i .  ant  1  v  t-.tweer. 
ext  met  ion  treatments  within  a  species.  - 
niovinp,  extractives  iron  tlie  .-ell  wall  did  n.et 
change  Lin*  slope  >*i  the  slir  ink.nte-";.*  i -t  ut  v 
cv'ntent  line  but  shifted  the  line  t  .*  the  r  i  cut 
in  proport  ion  to  the  quant  if.  .  !  extra,  t  i  ves 
removed.  Wood  containinc  ext  ract  i  v.- <  i:  i to 
bo  dried  to  a  lower  T'SP  be!  ore  water  v.i;-  de¬ 
sorbed  t  ror  tin*  cel  1  wall  and  shrink. ec.e  bev.an. 
However,  once  .oil  wall  desorption  started,  the 
magnitude  of  the  shrinkage  chance  witii  ei>  li  per 
cent  decrease  in  moisture  iontent  was  the  sane 
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Ini  vers: tv  Cali:  cm  i* 
Forest  Product^  Laboratory 
V e  r  k  h  !  e  v  ,  «..a  3  i  f  c  r : .  i  a 


.  I'rJcr  t.-,  Jur::i>.,  a-:  -if  tor  drying . 

,o  M  r.'  clearly  vhat  is  rruU  :v  mci-ture  vc:;- 
.  1  ight  c- f  its  in  ho  rent  »:  'ability  anti  tc 

isoly  desired  ,i.\-.:radr-  lor  green ,  par t  i a j  3 y 
.dr-  c  r  kiln-dried  lumber  is  also  disrusse. 


.  r or.,:  v o  me i s  t  u  r e  f  r  or. 
r  ■  >  s  i  b  I  o  v  i  t  h  a  n  a c  - 
:  r ..: o  .  Inherent  in  t h e 
is  the  cc:  cept  o: 

Vo  1  from  some  ini- 
«  ,  vj 1  ue  t c  a  lower  level 
v  either  eradir.ii  riles  or 


il 


:  to  1st  are  removal 
i  1  iotil euecks  in  ‘  -.'.or 
r os peat  to  time,  equip- 
o.rriii ,  product  value  losses 
ro  importance,  energy  cost? 


A  .  t  rcug;,  t  n e 


;i  r  i . 


edge  of  *  moisture  level 
s  stages  drying  should 
.« *  rv  t  o  o v e r .:  ore  m. a r.y  o  f  t  h e 
::.s  inherent  in  lur.ber  drying, 
ul loving  discussion  is  specif i- 


allv  ...  r  ier.ted  to  lur.ber,  it  should  be  gener- 


e  tc  many  solid  wood  products. 


y  j r  T  T  i  IN  A I.  A  ^  F  PC  IT 


Perhaps  the  initial  problem  er...  ount  ered 
vbou  considering  moisture  measurement  in  lum¬ 
ber  involves  clarifying  exactly  what  i  ^  me,.:.t 


-Paper  presented  at  the  i-ymposiur  .,n  U’oo 
Moisture  Content--  Temperature  and  Hum  id: tv 
;•  e  1  a  t  i  onsh  i  ps  ,  Blacksburg,  Virginia,  (ember 


i 9  79. 


tag  e  of  -cod'?  ..  v.  :  - 


by  moisture  .or. tent.  The  .•  or;  opt 
cer  t  out  as  expressed  ac  t.‘n 
v.iter  ir.  terms  ci*  a  per  cor: 
d  r y  ve i g  h t  1st h  e  s  t  a r card  d  e  f  i  r  i  t : .  : 
ture  content  a.  ,  opted  and  used  1.  v  * he 
wood  produ  ts  portion  of  the  irdustrv. 
p r  1  r.e i p a  1  dravb a .  k  t c  this  e >:p mm: o r. 
two  pieces  of  '.umber  having  the  same  r 
renter.:  but  differing  dc-rsirie^  v:  I  .*.  . 
different  absolute  moisture  levels,  th 
on  a  g r ar.<-  o  f  -v  a  ter-:  er-ur  i  t  -  v :  1  \:r  •  f 


wit! 


engineering  oa  lcul.it  ions  cr.  roisture  re¬ 
moval  the  density  of  the  material  has  tc  be 
know  cr  estiratod.  This  direct  i  nt  err*  1 .« t  : .  r.  - 
ship  between  icisture  .  ont  er.t ,  dens:  tv  and  ,Tr- 
solute  water  content  often  mean.?  that  .-.r.  e-ti- 
ma  t  i  c n  o  f  one  o f  t b. e ? e  variable  s  i  r.v o  1  v e  s 
taneous  estimation  of  the  ether.  The  in  pc 
tar.ee  ci  densitv  in  moisture  measurement  is 
further  strengthened  by  the  fact  that  many 
t he  indirect  el e  tri eal-prepert y-bjsed  mea¬ 
surement  techniques  are  strongly  affected  by 
density  variations.  In  addition,  the  drying 
rate  of  lumber  is  also  correlated  with,  density 
of  the  piece.  Ore  might  conclude  from  these 
facts  that  when  speak  ir.,;  of  moisture  measure- 
men c  ;■  rob  1  em.s  i  n  1  umbo r  dry  i  ng  one  «hou  1  d  con¬ 
sider  both  variables,  or  at  least  bear  in  mind 
the  irjertance  of  densitv  and  its  variations. 
Having  t curbed  upon  the  differences  between 
absolute  water  or. tent  and  percent  moisture 
content,  the  latter  concept  will  be  used  ir.  the 


rema  i  n.de  i 


t  ext  . 


If  lumber  were  a  more  homogeneous  materia' 
many  of  the  problems  in  lumber  drving  moisture 
would  be  eliminated.  ”rf or t  mint e 1 1 


measuriT.en 


lumber  exhibits  consi de ruble  variability  in  its 
Ji  :  t  cvimt  physical  and  mechanical  properties, 
i  r.c  1  ud  i  i.g  wide  variaMlitv  in  moisture  content. 

rut-  industry  is  there*,  ore  laved  with  es~ 
tirating  rot  .;r.  ly  be  tween-pi  e  v  but  wit:  in- 
pie.  e  moisture  .  cnteni  variations,  both  ir 
green  and  dried  lumber.  Wi t h i n-p i tn  e  v.sriu- 
tiens  .-an  c  ,ur  along  the  length  cf  a  pi,-  e, 
across  ! !  e  width,  or  wit  h  respect  to  t  be 
thickness.  'Ihese  oar.  take  the  lerrr.  cf  .an¬ 
tivirus  sizeable  .'ones  of  differing  moisture 
content  as  1  result  or  mixes  c!  sap wood  and 
heart  w.  ed  tissue  r  disoor.  C  '  nuous  streak.-,  rr 

In  cxarnir. i r.g  any  given  board  or  set  of 
boards,  therefore ,  one  might  view  moisture  .on- 
tent  Lr.  terms  of: 

1-  the  max  i  mur.  value 
the  run ir. ur.  v a  1  u e 
j .  tbit*  overall  value 
-  •  soir.e  measure  or  tb.e 
v  ir  i  a ! » i  11  ty  present 


This  represents  again  a  definitional 
problem,  which  is,  what  exactly  do  we  rear. 


when 

we  speak  of 

a  board’s  moisture  cor. ten 

it? 

fp  t. 

1  the  present 

time  tb.e  industry  has  ge 

v- 

era  '  ' 

:v  used  the  c 

0  r  c  e  pi  0  f  es:  i  r:.a  r  1  ng  a  v  e  r 

ag«- 

r.o  i  r.  t 

are  content 

ctii  though  this  may  not 

be 

the  !  i mi  t  i r.g  v  *  1  u ■.  important  in  processing  or 
end  quality. 


‘Hie  assessment  of  both  betveer-p  ie*.  e  <,nd 
wit  bin-piece  moisture  icntent  variability  ir. 
bcth  green  and  dry  lumber  needs  tc  be  quar. ti¬ 
tled  using  a  sound  statistical  basis  for  cur 
principal  commercial  species.  Such  a  study  cr. 
kiln-dried  lumber  has  been  initiated  by  the 

S.  bores  t  hrodui  ts  laboratory  it.  cc  perat  i  cr. 
with  the  i'niversity  of  Cal  if  1  rr.i -i  Fc-rest  Rrcd- 
uc ts  Laboratory  and  Louisiana  State  "r.iversity. 

"he  question  cf  desired  acuura.y  is  sec¬ 
ond  aspect  connected  with  defining  exactly  wh.it 
is  meant  by  lumber  moisture  c  -:r.t  ent  .  A*-  hope¬ 

fully  will  be  shown  shortly,  the  moisture  con¬ 
tent  accuracy  needs  of  the  industry  may  vary 
considerably  depending  on  the  moisture  content 
level  one  is  dealing  with.  1 r  does  not  seem 
unreasonable  that  desired  accuracy  for  moisture 
■content  estimations  would  be  different  for: 

a')  green  lumber; 
b )  p  a  r  t  i  a  1 1  y  d  r  v  :  u  m  h  e  r  ; 

>.  )  completely  air-  or  k  i  i  n- 
drli-d  lurfer. 

La k  t r. g  int  c  a  -count  t  r ■  e  m a gr.it ude  cf  In¬ 
herent  variability  ar.d  the  objectives  for  mea¬ 
suring  moisture  content,  reasonably  acceptable 
desired  accuracies  need  to  he  established. 


v" ACTORS  AFFLCTI NO  VI- ASVREVFNT 

Various  ether  f victors  that  may  arret  the 
estimation  of  moisture  content  of  lumber  have 
been  summar iced  in  Table  i.  Ir.  addition  to  the 


ruble  1. — Possible  t actors  that  may  allect  estimation  of  moisture  content  measurement  in  lumber. 
(Adapted  from  Olson,  J.  R.  1979.) 

Vur:  it  ion  in  Material  "ariation  In  Moisture  Production 

Properties  in  Wood  Factors 


Specif ii  gravity 
Thickness,  width  and  length 
Heart-sapwood  content 
Grain  orientation 
King  curvature 
Growth  rate 
Structural  direction 
Presence  of  defects 
Knots 
Checks 
Sp  I  i ts 
Wane 

Resin  pockets 
Per ay,  etc. 

Uniformity  of  growth 
Surface  roughness 


Between  species 
Within  species 
Stand  to  stand 
Tree  to  tree 
Within  tree 
Height 
Radial 

Within  piece 

Moisture  gradients 
Moisture  distr i but  ions 


Feed  speed 

Speed  of  measurement 
(dwell  rime) 

Total  area  sampled 
Point  sampling 
Continuous  sampling 
Board  temperature 
Hot  after  drying 
Cold  or  frozen  before 
and  after  drying 
Board  orientation  when 
passing  through,  measure¬ 
ment  system 


Inherent  between-  and  within-ptci e  variations 
already  discussed,  an  effort  has  been  made  to 
identify  the  most  significant  factors  with  re¬ 
spect  to  variations  in  other  material  properties 
and  to  possible  mill  production  influences. 

This  arrav  of  variables,  although  probably  in¬ 
complete,  clearly  shows  the  complexity  of  the 
problem. 


a  large  da  i  output  of  lumber  and.  * 
number  of  'dividual  pieces,  many  cl 
listed  applv  equally  well  to  situati 
only  a  small  number  of  pieces  are  ti 
sured . 


Attention  is  drawn  to  the  ‘  uc>_' ->t 
tore  measurement  accuracies,  vhi.h  iw- 
1  ows : 


AN  I DUALIZED  MO IS TER E  CONTEXT 
MEASURING  SYSTEM 

Based  upon  the  previous  discussion  and 
consideration  of  the  possible  factors  that  may 
affect  moisture  content  estimation  the  require¬ 
ments  of  an  idealized  lumber  moisture  measure¬ 
ment  system  have  been  postulated  and  are  listed 
in  Table  2.  While  these  requirements  are  based 
upon  the  anticipated  needs  of  a  mill  producing 


Green  lumber 
Part  ial  ly  dr  it*d 
lumber 

Completely  air-  or 
ki  !n-dri»*d  !  ur.br  r 

Although  obviously  arbitrarily  ^ele-trd, 
these  values  should  serve  as  a  starting  point 
and  hopefully  will  stimulate  establishment 
general  classes  appropriate  accur.u  i  «■*- . 


Table  2. — Requirements  of  an  Idealized  lumber  moisture  measurement  system.  (Adapted  from  01  sen, 
J.  R.  1979.) 


System  Requirement: 
Accuracy 


Speed 

Cent inuous 

Nondestructive 
Capital  investment 

Sa  fet v 

l 

i  Ease  of  use 


i  The  system  should  allow  for 

i  variations  in: 


1  Mill  and  board  temperature  Temperature  independency  necessary 

1 


|  Specific,  gravity 

Must 

be  accounted  for. 

perhaps  using  unotht 

»r  technique 

J  Thickness 

Must 

be  accounted  for. 

using  lasers  or  etht 

•i  el  ert  r  1 .  a 

mechanical  methods 

Presence  of  defects  Should  have  capability  for  identifying  and  d«  lot  1m:  these  from 

determination  of  moisture  . entont  estirat  ion  of  boat d 

Moisture  content  If  a  large  enough  volume  of  the  board,  is  sampled,  it  muv  be 

desirable  to  identify  and  take  these  fr;t<  ac«  otint 


Comments 

Should  be  capable  of  the  following,  accuracies:  +5-10°'  MC  for 
green  lumber,  +2-5'’  MC  for  partially  dry  lumber  and  +1-2’’  :  or 
dry  material 

Speed  of  measurement  -  potentially  very  rapid  (short  dwell  time''- 
to  allow  for  high,  feed  speeds  In  some  mills 

Maximize  total  area  sampled  -  computerized  output  perhaps 
essent ial 

Both  contact  and  noncontact  should  be  feasible 

Minimize  investment  -  system,  should  pay  for  itself  in  short 
period  of  time 

Protection  of’  rill  personnel  with  necessary  shielding,  etc., 
essent ia 1 

Mill  personnel  with  proper  training  should  be  able  to  readily 
perform  necessary  measurements  and  evaluations 


MFASFRIIXKST  NFKDS  PRIOR  10  DRY  INC 

There  appear  tc  be  two  genera!  areas  where 
better  moisture  content  measurement  prior  tc 
drying  would  lead  to  significantly  improved 
drying  practices.  These  are  in  the  segregation 
of  green  1  ur.be r  and  the  selection,  of  kiln  sam¬ 
ple  boards;  these  two  aspects  will  be  discussed 
senar.it  e  !  v  . 

■ ; r e e  n  Lurr.b e  r  Se g r e g a  t  i  on 

The  desirability  of  separating  1  ur.be r  into 
special  sorts  or  segregations  prior  tc  drvir.g 
has  been  discussed  in  some  detail  by  Arganbright 
i!97i).  Drying  sorts  can  be  classified  into 
two  main  types.  Sorts  established  on  the  basis 
of  expected  differences  in  rate  of  drying 
(dry ing-rdte  sorts)  (Smith  and  Dittman,  1960), 
or  sorts  carried  out  on  the  basis  of  tendency 
to  develop  seasoning  degrade  (degrade-pot ent ia 1 
sorts')  (Nicholson,  1973). 

The  objective,  regardless  of  which  sort 
is  made,  is  to  develop  units  of  lumber  in  which 
all  boards  exhibit  as  uniform  drying  character¬ 
istics  as  possible.  Such  sorts  can  frequently 
be  made  on  the  basis  of  differences  in  moisture 
content  as  a  result  of  sapwood  and  heartwood 
or  the  presence  of  wetwood  (Ward  et^  a_l ,  1973). 
Hie  former  effect  can  be  clearly  seen  in  the 
data  of  Figure  1,  which  gives  a  frequency  dis¬ 
tribution  of  green  weight  per  ft"  for  5/4-inch 
thick  penderosa  pine,  mill  classified  supwqod 
and  heartwood  boards.  Since  weight  per  ft" 
is  directly  reLated  to  initial  moisture  con¬ 
tent,  one  can  see  the  two  distinct  moisture 
content  populations  of  heartwood  and  sapwood 
material.  The  overlapping  areas  most  likely 
represent  boards  containing  both  sapwood  and 
heartwood .  This  points  out  one  of  the  major 
problems  encountered  in  drying  rate  segregation 

H£ ART  WOOD 
SAP WO 00 
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GREEN  WEIGHT  PER  FOOT* 

Figure  I . — Di H <r<uu  es  in  Initial  weight /ft 
ter  mill  segregated  5/4”  penderosa  pine 


and  that  Is  how  to  classify  boards  having  dif¬ 
ferent  /.ones  of  moisture  content,  as,  the  heart- 
wood  might  normally  be  dried  in  48  hours  and 
the  sapwood  in  80-96  hours,  although  this  is 
also  related  to  grade  differences  in  the  ra¬ 
te  r  1  a  1 . 

Kxarples  of  degrade  potential  sc  r  t  s  based 
upon  moisture  tontent  differences  would  be  t 
segregation  of  hi gh-mcis t ure-ccnt ent  sinker 
stock  in  redwood,  hemlock,  incense  cedar,  asp*-:, 
and  cottonwood  to  reduce  collapse  development. 
The  work  of  Ward  et  al_  previously  cited  indi¬ 
cates  that  material  susceptible  tc  honeycomb 
and  ring  shake  is  associated  with  /ones  oi 
higher-than-normal  moisture  content. 

When  drying  a  charge  of  lumber  that  con¬ 
tains  significant  quantities  of  material  having 
either  different  drying  rates  or  potential  f  r 
degrade  several  different  consequences  may  re¬ 
sult,  depending  upon  the  nature  of  the  drying 
schedule.  The  schedule  being  used  may  be  based 
upon  the  response  of  the  faster  or  easier  tc 
dry  material  or,  as  is  more  common,  on  the  basis 
of  the  slower  or  more  difficult  to  dry  portion. 
This  is  equally  true  for  time  and/or  moisture 
content  type  schedules. 

If  drying  is  controlled  by  the  behavior  oi 
the  easier  tc  dry  portion  of  the  charge,  the  re¬ 
maining  portion  of  the  charge  mav  bo  subjected 
to  kiln  conditions  which  are  too  severe,  thus 
causing  excessive  degrade.  In  addition,  the 
slower  drying  portion  may  still  be  at  too  high 
a  final  moisture  icntent  at  the  end  of  the  run. 

T f ,  on  the  other  hand,  drying  is  i ent rolled 
by  the  response  of  the  slower  or  more  difficult 
to  dry  part  of  the  charge,  other  problems  <  an 
arise.  In  this  case,  the  schedule  being  used 
too  mild  for  the  easy  to  Jrv  material  ur.J  the 
end  result  is  that  the  total  through-put  of  the 
kiln  is  less  than  it  could  and  should  be.  Be¬ 
cause  the  charge  Is  kept  in  the  kiln  longer  than 
necessary,  the  direct  drvlng  costs  are  also 
greater  than  need  be.  This  aspect  is  illus¬ 
trated  in  Table  3,  where  potential  savings  in 
direct  drying  costs  have  been  calculated  for 
the  example  where  lumber  of  two  discrete  drying 
rates  might  be  segregated.  These  data  shew 
that  greater  possible  saving  can  o,  .  ur  as  total 
drving  time  becames  1  oncer  and  as  the  ratio  oi 
the  Jrvir.g  times  for  the  two  tvpes  of  matt-rial 
increases.  It  should  be  noted  that  these  cal¬ 
culations  were  bast'd  upon  the  .•tssum.pt  i  or  that 
a  segregation  can  be  made  at  no  <  est  ,  v,hi>  h  is 
obviously  not  true.  Reliable  data  or.  the  a<  - 
tual  costs  of  nnstaeVing,  metering  and  re- 
stacking  need  to  be  obtained  before  the  bene- 
‘its  of  segregating,  green  <r  partiallv  ere 
material  >  an  be  ar curat  el v  as^i-sstd. 


One  of  the  most  important  consequences  of 
drying  material  of  mixed  drying  rates  on  the 
basis  of  the  slower  drying  material  is  that  the 
faster  drying  material  is  often  brought  to  too 
low  a  final  moisture  content  or  it  is  overdried. 
This  is  particularly  true  for  softwood  lumber 
where  the  equalizing  period  is  frequently  not 
used.  Some  data  on  the  high  dollar  losses  re¬ 
sulting  from  increasing  degrade  as  final  mois¬ 
ture  content  decreases  have  been  obtained,  as 
shown  by  Figure  2  and  Williston  (1971).  Al¬ 
though  difficult  to  assess,  the  relationship 
between  degrade  and  final  moisture  content 
needs  to  be  much  more  fully  evaluated. 

The  various  benefits  which  might  be  ex¬ 
pected  from  establishing  or  improving  existing 
drying  sorts  or  segregations  are  therefore: 

1.  Reduced  overall  drying  times — 
greater  kiln  through-put; 
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Figure  2. — Relationship  between  charge  averagt 
final  moisture  content  and  degrade  loss  in 
1960  dollars.  (From  Knight  and  Cook,  1960) 


Table  3. — Calculated  potential  reductions  ir.  direct  drying  costs  for  different  drying-rate  sertf 
(From  Arganbright,  1973.) 


Total  drying  time  for 
slower  drying  sort 


Fraction  of  material 
in  faster  drying  sort 


Ratio  of  drying 
times  of  faster 
to  slower  sort 


Reduction  in  total 

drying  costs  if 
material  is  dried 
as  separate  sorts 


Reduction  in  drying  cost  -  (Total  drying  time  for  slower  sort)  x  (kiln  operating  cost/hr''  - 
((fraction  of  material  x  (drying  time  for  x  (kiln  cost/hr)  +  (fraction  of  matt  rial  >: 

in  slowest  sort)  slower  sort)  in  faster  sort) 

(drying  time  of 

faster  sort)  x  (kiln  cost/hr)) 


fixed  value  of  $  0 . 0337/MBM/hr  was  used  for  the  kiln  operating  costs. 


MEASUREMENT 


2.  Reduced  overall  total  drying 
Limes —  lower  direct  drying 
costs  per  Mf'bm; 

3.  Improved  uniformity  in  final 
moisture  content--  less  de¬ 
grade  loss; 

A.  Better  schedule  suitability — 
less  defect  development. 

K.i  1  n  Sump  1  e  Ke  1  e  c  1 1  on 

When  a  kiln  ('barge  using  kiln  samples  is 
run  a  number  of  different  factors  are  considered 
in  selecting  the  sample  boards  (Rasmussen,  1961). 
The  estimated  oven-dry  weight  of  the  kiln  sam¬ 
ple  board  is  normally  obtained  by  cutting 
roughly  1-inch  long  moisture  content  wafers 
from  each  end  of  the  2  -  A  ft.  kiln  samples  for 
estimation  of  the  sample's  initial  moisture 
content.  Frror  in  accurately  assessing  the 
initial  moisture  content  can  lead  to  signifi¬ 
cant  errors  in  the  calculated  oven-dry  weight 
and  moisture  contents  of  the  sample  boards 
during  the  run.  This  is  shown  by  the  data  of 
Table  A  where  estimated  and  actually  determined 
oven-drv  weights  were  determined  for  10  Cali¬ 
fornia  Mack  oak  kiln  samples.  Attention  is 
drawn  to  the  differences  in  actual  and  esti¬ 
mated  moisture  contents  at  the  end  of  the  kiln 
run.  Moisture  content  errors  of  3  percent  or 
greater  occurred  as  a  result  of  initially  in¬ 
correctly  estimating  sample  board  oven-dry 
weight . 

Improved  moisture  measuring  techniques 
would  not  only  help  reduce  this  type  of  error 
but  would  improve  selection  of  sample  boards 
when  tin*  criteria  of  difference  on  green  or 
initial  moisture  content  are  used  together  with 
it  her  fa-  tors . 


HKDS  Dl’kINC  DRY  IT- 

Accurate  knowledge  of  the  moisture  :-n!  ent 
of  a  charge  of  lumber  as  it  dries  remains  real 
need  in  drying.  While  the  use  o*  kiln  sampler 
Is  still  a  useful  means  of  estimating  moisture 
content  change,  it  Is  far  from  a  perfect  solu¬ 
tion.  In  addition  to  the  problems  just  dis¬ 
cussed,  this  technique  permits  sampling  only  a 
small  portion  of  the  total  charge,  is  relatively 
labor  intensive,  and  gives  data  on  the  state  of 
the  charge  at  rather  widely  spared  time  inter¬ 
vals. 

With  kilns  using  time  schedules  r.o  su*  h  in¬ 
formation  is  available  and  control  of  the  kiln 
is  adjusted  on  the  basis  of  practice  that  has 
been  found  to  yield  acceptable  results  in  the 
past.  Time  schedules  do  not  permit  our  oper¬ 
ator  to  adjust  for  between-char ge  variation  in 
drying  rate,  regardless  of  whether  the  jause  is 
a  result  of  partial  drying  in  the  yard,  varia¬ 
tions  in  moisture  content  or  whatever. 

If  the  data  on  the  changing  moisture  con¬ 
tent  of  a  charge  were  available  this  could  be 
used  as  a  reactive  control  mechanism  and  the 
kiln  conditions  could  then  be  adjusted  on  a  con¬ 
tinuous  basis.  The  use  of  load  cells  to  measure 
weight  changes  of  all  or  part  of  a  charge  is  a 
step  in  this  direction  and  some  information  on 
this  approach  is  available  for  both  hardwoods 
(Wengert  and  Evans,  197])  and  softwoods  (Holmes 
and  Arganbright,  1976),  In  Wengert  anc  Evans ’ 
work,  adjustments  were  made  using  moisture 
content  as  calcul.*roa  from  ('barge  weight  and 
estimations  of  the  .barge's  initial  moisture 
content.  The  use  of  charge  weight  rather  than 
moisture  content  as  done  by  Holmes  and  Argan¬ 
bright  also  necessitates  the  same  a  priori 
estimation  of  how  moisture-  content  correlates 


Table  A. — A  comparison  of  actual  and  estimated  oven-dry  weights  for  3-foot  long  random  width 
California  black  oak  kiln  sample  boards. 


1  - 

l!  K  i  1  n  samp  1  v 

» Ven-dry  weight 
estimated  from 
moisture  water  Mbs) 

Actual  oven-dry 
weight  (lbs) 

Moisture  at  end 
using 

Estimated  oven-dry 
weight  ("') 

of  kiln  run 

Actual  oven- 
weight  r 
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to  charge  weight,  at  least  tor  determining  when 
to  terminate  the  run. 


Ideally,  knowledge  of  not  only  average 
charge  moisture  content  but  the  variation  in 
moisture  content  between  different  boards 
within  the  charge  is  desired.  This  would  per¬ 
mit  kilns  to  be  adjusted  by  either  the  fastest 
or  slowest  drying  material  or  on  the  response 
of  the  average  material.  Development  of  the 
methodology  to  do  this  represents  a  very  severe 
chal lenge . 

The  use  of  in-kiln  meters  such  as  the 
"kil-mo-trol"  and  "kiln-scan”  techniques  might 
be  considered  as  early  attempts  at  this  problem. 
Such  techniques,  however,  are  generally  con¬ 
sidered  to  be  primarily  useful  when  the  mois¬ 
ture  content  of  the  portion  of  the  kiln  they 
are  sampling  is  below  the  fiber  saturation 
point.  Their  existence  does  indicate  a  second 
real  need  for  moisture  content  measurement 
during  actual  drying,  which  is  becoming  more 
and  more  important.  This  is  the  need  to  ac¬ 
curately  determine  when  the  charge  has  reached 
the  desired  average  final  moisture  content  or 
end  point.  Benefits  from  improved  end-point 
determination  would  be  reductions  in  degrade, 
as  was  noted  under  the  discussion  of  degrade 
and  final  moisture  content,  total  drying  time 
and  direct  drying  costs. 

The  much  greater  use  of  high- temperature 
kilns  In  the  last  several  decades  for  softwood 
dimension  lumber  and  its  possible  use  with  pre¬ 
viously  air-  or  kiln-dried  hardwood  lumber 
(Wenyert,  1 1  > 7 J )  add  to  this  nerd.  This  results 
from  the  fact  that  the  use  of  high  tempera¬ 
tures,  with  their  faster  drying  rates,  can 
lead  to  greater  and  more  severe  overdrying  in 
much  shorter  times  than  in  the  case  of  con¬ 
ventional  kiln  temperatures. 


MEASUREMENT  NEEDS  AFTER  DRY  INC. 

As  with  the  initial  moisture  content  of 
lumber,  a  charge  of  dried  lumber  frequent lv 
exhibits  considerable  variation  in  final 
moisture  content  as  a  result  of  variabilitv 
in  drying  rate  or  lack  of  uniformity  within 
the  kiln.  Because  of  lumber  standard  require¬ 
ments  or  potential  problems  In  subsequent 
processing  as  with  finger  jointing,  lamin¬ 
ating,  etc.,  lumber  frequently  must  be  measured 
for  final  moisture  content  after  removal  from 
the  kiln. 


r luence  of  density  on  meter  readings,  and  im¬ 
proving  the  data  recording  and  production  rai.- 
agement  aspects  (Carlson,  1977).  Creator  <t- 
phasis  also  needs  to  be  placed  on  sensing  for 
overdry  stock  in  addition  to  redrv. 

Dry  moisture  metering  also  has  great  po¬ 
tential  for  use  in  lumber  redrying. .  Redrv  lum¬ 
ber  is  that  portion  of  a  charge  that  i  ^  -till 
at  too  high  a  final  moisture  content  ar.J  must 
be  dried  further.  Increasing  the  level  of 
redrv  lumber  rather  than  decreasing  it,  as  is 
generally  thought  best  in  most  mills,  has  bem 
shown  to  have  great  potential  for  actually  re¬ 
ducing  overall  drying  costs  by  increasing  kiln 
through-put  and  reducing  degrade  (Bassett,  1973). 

Although  most  studies  have  involved  kiln- 
dried  lumber,  the  use  of  the  redry  concept  ir. 
conjunction  with  air  yards  will  undoubtedly  have 
more  and  more  potential  as  energy  costs  increase 
(Arganbright  et_  a_l_,  1974).  The  influence  of 
wide  variability  in  lumber  moisture  content 
(as  showai  in  Figure  3)  and  perhaps  steeper 
moisture  gradients  in  partially  air-dried 
stock  are  problems  that  need  to  be  evaluated. 

This  problem  is  very  similar  to  that  of  making 
green  lumber  moisture  content  segregations. 

In  addition  to  the  obvious  sensing  equipment 
problems,  greater  emphasis  needs  to  be  placed 
on  the  lumber  handling  that  must  be  used,  as 
the  cost  of  rehandling  may  ultimately  dictate 
whether  such  techniques  are  economically  feasi¬ 
ble. 
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There  are  at  present  various  commercially 
available  moisture  meters  for  dry  lumber  In  use 
throughout  the  United  States.  Major  needs  ap¬ 
pear  to  lie  in  the  areas  of  definitional  as¬ 
pects  as  previously  noted,  reducing  the  in- 


Eigure  3. — Frequency  distribution  of  moisture 
content  for  1-inch  thick  heavv  srgrrK.it  i  on 
redwood  after  vary inn  periods  « < f  air  dry i ok 
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CONCLUSIONS 


There  is  a  definite  need  for  better  mois¬ 
ture  measurement  during  the  lumber  drying  pro¬ 
cess.  The  needs  are  diverse  and  frequently  com¬ 
plex  and  include: 

1.  Clarification  as  to  what  is  meant  by 
lumber  moisture  cor  lent  in  light  of  normal 
within-  and  between-board  variation; 

2.  Establ ishment  of  measurement  accura¬ 
cies  for  green,  partially  dry  and  completely 
air-  and  kiln-dried  lumber; 

3.  Elimination  of  the  influence  of  other 
material  properties  and  production  factors  that 
now  interfere  with  moisture  measurement--  for 
example,  density  variations  in  lumber; 

4.  The  development  and  technical  and 
economic  feasibility  of  the  instrumentation, 
data  recording  and  processing  accessories  and 
lumber  handling  equipment  necessary  for: 

a.  green  lumber  segregation 

b.  moisture  measurement  for 
kiln  control  systems 

o.  end  point  determination  in 
kiln  drying 

d.  moisture  measurement  after 
kiln  drying  or  partial  air 
seasoning  for  use  in  redry 
programs . 


LITERATURE  CITED 

Arganbright,  D.  C.  1973.  The  segregation  of 
greet,  lumber  for  optimization  of  drving. 

Proc.  IUFRO  Div.  5  Mtg.  2:13-21. 

Arganbright,  D.  e£  a_l_.  1974.  The  segre¬ 

gation  of  redwood  lumber  after  partial  air 
drying.  Proc.  25th  Ann.  Mtg.  Vest.  Dry  Kiln 
clubs.  pp.  3-12. 

Bassett,  K.  H.  1973.  A  look  at  redry.  Proc. 
24th  Ann.  Mtg.  West.  Dry  Kiln  Clubs.  pp. 
31-39. 

Carlson,  F.  1977.  A  computerized  lumber  mois¬ 
ture  content  data  gathering  and  analysis 
system.  Proc.  28th  Ann.  Mtg.  West.  Dry  Kiln 
Clubs.  pp,  10-16. 

Holmes,  S.  M. ,  and  Arganbright,  D.  O.  1976. 
Drying  tests  with  a  weight -actuated  lumber 
drving  control  system.  For.  Prod.  J. 

26(11):  11-39. 


Knight,  E. ,  and  Cook,  D.  1960.  Degrade  of 
ponderosa  pine  common  lumber  as  related  te 
moisture  content.  West.  Pine  Assoc.  Res. 
Note  No.  4.5211, 

Olson,  J.  R.  1979.  Analysis  of  dual -energy 
gamma  radiation  methods  for  moisture  content 
determination  of  wood.  Ph.D.  Thesis.  Univ. 
of  Calif.  Berkeley. 

Nicholson,  J.  F.  1973.  Improved  conversion 
efficiency  in  eucalypt  timber  with  variable 
seasoning  charac ter  1st ics .  Aust.  CSIRO  For. 
Prod.  Newsletter  No.  391. 

Smith,  H.  H.,  and  Dittman,  J.  R.  1960.  The 
segregation  of  white  fir  for  kiln  drying. 
USDA  For.  Serv.  Pac.  Southw.  For.  and  Range 
Exp.  Stat .  Res.  Note  167. 

Ward,  J.  C.,  et_  a_l.  1972  .  Honeycomb  and 

ring  failure  in  bacterial ly  infected  red  oak 
lumber  after  kiln  drying.  USDA  For.  Serv. 
Res.  Paper  FPL- 165. 

Wenger t,  F.  M.  1972.  Review  of  high  temper¬ 
ature  kiln-drying  of  hardwoods.  South  Lum¬ 
berman  225(2794 ): 1 7-21 . 

Wenger t,  F. .  M. ,  and  Evans,  P.  0.  1971.  Auto¬ 

matic  programming  and  control  for  steam- 
heated  lumber  drv  kilns.  For.  Prod.  .1. 
21(2): 56-59. 

Wil  listen,  E.  M.  1971.  Drying  west  coast 
dimension  lumber  to  meet  the  new  lumber 
standards.  For.  Prod.  J.  21 (3) : 44—48. 


I 

D 


*  Some  common  wood  mac  n  1  :  mo  :  i  : 
to  moisture  content  arid  ihi :  ‘  e 
minimize  the  defects  and  sure  <>• 

research  are  empnas  1  cod  . 


ITRUniiCT  ION 

The  mechanical  proper t ies  and  the  1 ;  —  ■  - 
sions  of  wood  vary  as  moisture  content  var 
so  moisture  content  affects  wood  "on  fi  i  m  i  >e : 
processes  and  products,  particularly  solid 
wood  products.  Wood  m.ach i n i mj  piohlens  r  . 
uted  with  moisture  content  <jener.it  I  /  r-wd  ;• 
nachininq  defects  of  the  wood  surface  e>  * 
wear.  Because  most  of  the  problem-,  ace  ■ 
nent  or  related  to  planind,  the  prubl  nrs  ail’ 
be  discussed  as  related  to  pianino  but  *  -  u  1  d 
be  related  to  wood  "lachininu  processes  where 
a  wedqe-shaped  tool  removes  a  chip  •Vn~.  a  w.d- 
piece  by  mechanical  failure.. 


!>D  Elf  IS 

The  surfacing  defects  are  described  it 
detail  in  several  references  (I’avis  1  ,  r o •  ■ 

1964,  Parish  in  and  De/eeuw  1964). 

Raised  drain  is  a  rouuhonod  condition  ot 
the  surface  of  wood  in  which  part  of  the  annual 
rind  is  raised  above  the  surface.  More  dis¬ 
tortion  takes  place  in  stock  machined  at  a  low 
moisture  content  and  later  exposed  to  air  at  a 
hirjher  ei|u i  1  i bri urn  moisture  content  (|M(  ), 

The  corrugation  of  the  surface  may  also  be  due 
to  the  transverse  (across  the  orain)  dimensional 
I.  ha  rides  in  the  summerwnnri  in  c  nnp  ari  si  ,n  te  tirry-.r' 

Paper  presented  at  the  Symposium  on  .v-ed 
Moisture  1  ontent  - -Toirperature  and  Humidity 
Relationships.  Viruinta  holytet  hnii  fnst  if  .te 
and  State  University,  R1 art shurn ,  virdiniu, 
October  ? 9,  1979. 
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print1.  .■■■  raised  grain  between  dense  1 .1  t.ewood 
■  in*;  i.M  i‘  1  /wood ,  but  1m  ,i  uniform  layer  of  crushed 
.vn."!  pel  'w  ttie  •.<r*dct.‘  dm!  is  .i  permanent 
P--  uTMitioii  of  t ’M  w-'od.  t/  h  i  n  i  ncj  t-u  torv  s  n  h 
.i  :>  dull  i  if  firm  tool',  .i  nd  low  rate  joules  cause 


Trie  aforementioned  wood  machining  defects 
are  affected  to  different  decrees  by  moisture 
content  in  different  species,  for  e> ample, 
chipped  '  i  r -I  in  and  fu  zzy  ora  in  increase  as 
moisture  content  increases,  further,  chipped 
drain  occurs  mure  frequently  at  moisture  con¬ 
tents  below  b  percent.  Raised  grain  may  occur 
from  machining  wood  at  a  high  or  low  moisture 
content  and  then  changing  moisture  content; 
due  to  the  uneven  shrinkage  and  swelling  of  the 
ear  I ywood  and  latewood.  The  defects  often  do 


grain,  and  Irion  static  bending  strength.  .t-ry 
nigh  nr  very  low  rake  angles  "lay  increase  the 
severity  of  chipped  grain,  especially  when 
machining  against  slopes  of  grain  up  to  ?b 
(Stewart,  1971a, b)  (figs.  1,  ?).  Large  dmtns 
of  cut  or  machining  conditions  that  increase 
the  cut  per  knife  also  increase  the  severity 
of  chipped  grain. 

Chip  type  III  and  defects  such  raised 
grain,  fu zzy  grain,  and  a  crushed  subsjrfact 
are  often  associated  with  low  or  negative  rale 
angles  and  dull  tools,  which  cause  excessively 
high  cutting  forces  that  increase  crushing  and 
do  not  cleanly  sever  the  wood  fibers.  The 
situation  is  compounded  when  machining  low 
density  species  or  reaction  wood. 


not  appear  until  after  the  product  is  finished 
and  can  affect  the  serviceability  of  the  product. 
The  machining  defects  can  generally  be  minimized 
oy  reducing  moisture  content  variation. 

Machining  at  an  optimum  wood  moisture  content 
(  ;.-l?  percent)  and  then  maintaining  the  moisture 
content  in  service  helps  to  minimize  machining 
defects . 


A  type  II  chip  is  generally  associated 
with  good  surface  quality.  Selection  of  the 
tool  geometry  and  cutting  conditions  for 
machining  a  particular  species  at  a  given 
moisture  content  can  be  balanced  to  produce  a 
type  II  chip  when  machining  along  the  grain. 

A  type  II  chip  is  generally  formed  with  moder¬ 
ate  machining  conditions. 


CHIP  COKMAT ion 

Surface  quality  and  machining  defects  are 
related  fo  chip  formation.  When  machining 
along  the  grain,  three  distinct  chip  types  have 
teen  observed  (Franz  1958,  Koch  1964,  kivimau 
195),  and  Voskresenkii  1955).  The  three  cnip 
types  as  described  by  Franz  (1958;  are; 

Type  I  is  formed  when  the  wood  >..•!  its 
ahead  of  the  tool  by  cleavaqe  until 
failure  in  bending  occurs  as  a  canti¬ 
lever  beam. 

Type  II  is  formed  when  wood  failure 
:n  the  chip  is  along  a  line  extend¬ 
ing  9t,:h  the  cutting  edge  to  the 
work  ;>  i  ec<'  surface. 

1 ype  III  is  formed  when  compression 
ind  .hear  failures  occur  in  the  wort 
ihe.lt  of  tiie  lotting  edge. 

The  ;  tig,  types  are  frequently  associated  with  a 
p  ir»  ’  wood  machining  defect.  Similarities 

...»  tool  geometry,  wood  properties,  and  moisture 
i  oritent  tor  wood  machininu  processes,  espei  tally 
k  r  :  '  i  u’rino,  prog  ,,  e  .jmilqr  defects  whethei 
1 .  ■  ■  or  t  hi'  ;■  n,i  1  <  pting  or  peripheral  nill- 


nippi'l  grain  u  !  ,  ’’ip  type  1  are  issue  i- 
#10  '.he  wend  per*  i es  et  low  cleavage 
r  •  ,  :  1,’  .tree.mh,  pur  pend  i  t  i|l  ar  to  the  grim,. 
■  ;  1  e  ,  ■  -n  s  t  repg  t  n  ;  a  r  i  1  1 11 1  to  t  he 


RAFF  A'.  ,!  t 

Rake  angle,  the  angle  measured  frorc  the 
tool  face  to  a  perpendicular  to  the  direction 
of  tool  travel,  is  tut?  most  important  element 
of  tool  geometry  controlling  wood  failure  wnen 
machining.  The  wood  fail  ;re  determines  forma¬ 
tion  of  chip  type,  which  is  related  to  surface 
quality.  Thus,  select  tor,  of  a  rale  angle  to 
produce  a  sat  i s f.u; tory  surface  is  paramount  td 
efficient  wood  -whining. 

A  technique  was  devised  to  approximate 
the  opt imun  rake  angle  from  the  initial  rake 
angle  (Franz  1958).  The  technique  demonstrated 
that  an  optimum  rake  angle  for  orthogonal  wood¬ 
cutting  parallel  to  the  grain  could  be 
indirectly  approximated  fro"'  statistically 
determined  mechanical  properties  ,  f  wood  at 
various  moisture  contents  and  the  tutting 
c oe f  f  i 0  1  eri t  of  friction.  ■’ 

A  simplified  novel  technique  relates 
selected  strength  properties  directly  to  ! '  li¬ 
ra  ke  angle  by  means  n*  an  expression  *or  the 
coefficient  of  friit'on  and  shows  good  eon  e- 
1  at  inn  between  strength  propert 1 es  of  wood  at 
various  moisture  edent-  ed  tale  angles 

'  (  oe»  1  i  ■  lent  'f  c  t 

tan  I  an  tar  <l'1  ’  1  -  "  1  '  11  \  • 

\  1  a  *  ill.*!  tool 


I 


(Stewart  1977).  The  cutting  coefficient  of 
friction  was  statistically  related  to  t ht-  rat'd 
jf  ciie  tensile  strength  perpendicular  to  the 
grain  (T;  and  tne  modulus  of  rupture  in  static 
bending  IR).  The  relations  were: 

MC  Equation  r 


1  .  5  percent 
j.  •;  percent 
Saturated 


0.25  t  S.72  (T/P. )  j . 97 
0.29  +  2.81  (T/k)  8.99 
0.95  -  6.05  (T/K)  -0.9/ 


!■>  issuming  the  murial  tool  force  to  be 
tern ,  the  opt  iruiPi  rare  angle  could  he  equated 
directly  t, o  the  strength  properties  at  various 
"a  i  ,  Pure  contents.  The  two  methods  fcn  deter- 
■'inir. ;  rate  ingle  for  orthogonal  cutting 
parallel  to  the  grain  compare  favorably  (table 
i  >. 


PEP  I  Ppf.861.  MILt  1  Ml 

•••,  indicated  previously,  the  most  severe 
i  t  u  occur  when  peripheral  o  i  i  1  - 

:  •  :  i  i •  . •  slopes  of  grain  nf  10  to  16  . 
i .  .  r  :  ;ru  : n  generally  does  not  occur  at 
•••»•  :rtin  -ore  than  20  .  7-1  though 

;  ]'.•!'■.>■  -puts  that  lower  rale  angles  ;jiay 

bee  .  *'re  :aer>-  of  tne  defect  ch i pped 

i  in  i.  :  .  1  }  md  moderate  rale  angles 

.  Pro  !  i  <■  the  'mini  •  u1’'  depth  of  defect 
*  r-wift  !  *  ');■'• .  a  cint-noi  tor  estimating  an 
c  »>•>  ingle  for  c  achinino  against  the 
i  i  ■  i  '  v  ir’.t.is  moisture  contents  has  not 


-P.-rai  ie  in'orout  ion  relates  moisture 
*  ;  sort  a-',  giial  it/  and  r  it  ter  head 
■  ’  '  .  r  r  pi  |u  i  T'e'  •  ■  n  t  s  ’I  r  • .  Mil  i'.-f|'r  1  n  n 

■■O'  and  h  ii'dwiiods  '(’avis  PH.?).  .eriera  1  i  .  . 
i  o  vie.-  •  rn*s  in... cease  as  -end  rate, 

•!«•;*» o'  cut ,  specif  K  gravity.  md  -ipist  ire 
i  on'-.rf  ;n.  reise  PCivis  19*?,  *-noh,  1  'Ut  o. . 

I  S'-wir',  1979'.  The  add  •  nul  power  to 

■■  a,  -one  is  'iiiist  ic.'  con)  ,u  in  re  isos  --.w  )■••• 

'ib'j.i  a  k . .  angles  (in  degrees  .  1 1  cu'.  a*  ■■  t  ‘ 

1  ei  'mi  i  a  1  pr  ‘  oi  >-  ■ .  p  t  :  < 

asn  a*  v  i '  P;,p.  i  •  *■*.•*■•  s . 


due  to  the  increase  nt  *  re e  in  ,or,  ‘ 
at  cole  rate  the  heavier  ;r  c;  •i,g  :  9  . 

P.rther,  wood  is  ■,  yisio.-l,i  a***  ■■■  ’■ 

absorbs  ’..fire  erier  us  it  b’e .■.'-'*■-1. 
w.'fd  '  1  the  prepf.r*  lona  1  lei'*'’*  -  •  u 

■  il  i.rgp.ert  if.  in.  lugg"  is  :  *i*e  r*e* 
:  m  >’.•  :  ..... . 


cutting  /!(.■'•■  ,  :i  ledin,  ;  r  •  'f.sie  juts  as 

abrasive  planing  and  sandiri:  hupve  teen  Ueplied 
to  wood  s  ir*’u.  'n:.  finding  requires  sub¬ 
stantial!.  ore  power  than  rrife  cutting, 
.enec-jl  1  / ,  power  increases  as  feed  rate,  dept  n 
of  cut,  specif  ii.  gravity  0*  wood ,  and  Pic-i  Sturt- 
content  i n.  roast*  for  abrasive  planing  (Stewart 
1979;.  the  nighr-r  ;  ewer  requirement  results 
fro"i  higher  forces  associated  wi  tn  many  single 
Point  tools,  which  nas  the  effect  of  a  neqativ 
cak e  angle.  The  forces  crush  the  wood  below 
the  Surface  (fiver  and  ’-'iniutti  1  975,  Jokerst 
and  Stewart  1976).  Additionally,  heat  is 
increased  from  the  rubbing  action  between  the 
coated  abrasive  belt  and  workpiece.  Conse¬ 
quently,  the  defects  conronly  associated  with 
grinding  operations  art  fuzzy  or  raised  grain 
ind  crushed,  glazed,  or  burned  surface.  All 
of  tbf  defects  e> cept  ‘nr  grazing  or  burning 
tend  to  appear  as  1  spire  .'.  stent  increases 
•  ft.  •  -  machining  at  1  lower  r  is  tore  igrtei.t. 

An  •••  .cease  o’  'oist.re  content  a**er  i 
material  has  been  t 'uShed  and, 'or  set  a* ter 
riii  ■.  h  i  n  i  ng  raises  'he  orpeessr?  fibers  to 
'■v.e’i.  '‘ten  the  solvent  o‘  1  f  i  •  r  i  1  f  r  glue 
;  I  ’  r.l :  ...  '  n*  :r  1  i  r . 

A  be.  1  s  i  v  belts  '  end.  f-  T  ■  •  a .  ••  -ere  ''ca.p  '  , 
r  r1'*.  •  1  sturt  i.insm  0'  i’e  wood  in,. reuses 

St  f- w.ir*  P-'T-P.  t-1  ci  1 1  lend'"'  :  p  probat  ,  *he 

reS.,1*  *  1  ,'v.P  .  m  lj-i."  .C'Cng  the  POCfi 

o',1;,,  i.  ,  and  ."e.'i.ii  pro'.erties  of  tne  wee 
ii.d  t  *'.  bi  ess.i'-es  and;  t  .era  t  .e'es  developed 
Pi  i  r.  :  cniiit'  pi  Inin  :  -.  s.'.ud  i  "d  .  Some 

■  '•■"in.’  ..eal/sis  '.*’!  !.  i  ‘  ■  1  1*00':  to  seii,  ted 
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Standi"  ;  o’  :  V  ;•  n ;dc a  !  propert.  ies  v  oarer 
a  i  Vi  w, o  o*  ••  !.•:> *  V  nor  on  ; i not? »  in;  '  o to »'  i  j  1  s  . 

In  t no  r wsv l  1  we  o*  "  O';  s t  j re  •_ o*-  tents  * 

•jo  to  Vie  *  i  Per  v  to  rati  on  ;:-o  i  n  t  v  rtf’  t  ne 

*■}•.;  j  ■  I  ;  tr  i  ji  ">o  i  s "  ure  cv ten  c  •  •  V-w. )  •,  *  wood  s 
defer*’  1  ned  by  i  *  3  r'0S;.'OnSe  “  C  *  re  1  ti  1 1  v‘i 
V/'Urt,  .'?n  .in;.  "  0  i  S  t  j  tVr  CL  ti  tor  t  '■  s'  its 

vur«'Dvviin  in  a  vo rdance  with  t"e  a;  ;> priate 
S  o  r  t '  r,  i  S  0 f  h  e  r  "  L  >  l  a  -t  r*  I  i  9  7  ,•  ;  ]  .  7  hi  0  < .•  f  r  L't.  t  s 

:'f  t  o  :-je  rat  j  re  a  n  d  no s  t  j  ro  c  on  t  e  r  t  on  e  1  e  l  i  r  i  <:  a 1 

1 i c-  tanco ,  J  i  £J1  oh  *  r  1 1  l  0 1  '■  :>  taut,  '.h  ♦.*»':  ’  ton  - 

dviCt.  •  , 4  Is,  oi  sturo  •“•ovoi'-ent ,  and  : eabi  1  i  *y 
.•.ill  e  3  c  '  b  e  a  i  s  c  o  s  s  lj  d  bri  e  f  1  •.  . 


The  o  1  o L 1 1  i  c ,i  1  re ;  s  t  i  v  i  t  v  o t  v;; >od  1  - 
o tre'--e  1  y  ^ens  i  t  i  vo  to  cn.v1  :es  i  n  :*;u i  s tore  com  ~ 
tent  as  revealed  in  F inure  I  which  indicates  t 
linear  re  1  a  t  i  o  ns  h  i  ;•  t*e  tween  1  >)•  ;a  »■ ;  t  ml  res  i  s  - 

tivity  Mog  r)  and  ”  up  to  C  percent,  boy  end 
this  value  there  is  progressively'  less  change  in 
r  with  M  and  beyond  the  FSP  the  change  is 
relatively  vo  1 1 .  "i  jure  2  indicates  a  linear 
rol  a*  i onsh  i  :>  ce *.w.. n  loy  r  and  1  :  !■'.  ;’rn-  .  6  per¬ 

cent  to  rSP. 


a p er  preset •  t.ed  a  „  S y r . » o s  i . in*  or  w ' •  o .  1  f‘o  i  s  L u r >.j 
Consent  -  lei  peraturr  and  Hui'id’ty  delations, 
V  i  rg  i  n  i  ;i  J1o]  ,/  tec  hn  l  C  ins  t  j  t ,,  to  fjr.d  :.t.o  10 
'.in  i  ve rs  i  tv  ,  ;;  1  <j(;k  snurg  .  Virginia,  b'etoher 
/■"K  1)79. 
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wood  Oi  d  4  . i n l  l’i1' 
rror  brown  et  a  1 
rou  j c  is  Journo  .  . 


1  j 6 5 ;  .  Courier. 


Fro:-;  Figures  i  a  no.  u  is  possible  t 

culate  the  approximate  increase  in  no i s i u re  ccn- 
tent  required  to  double  the  electrical  cono^:- 
t  i  v  i  tv  •  or  to  red  uce  the  res  i  s  t.  i  v  i  ty  to  one  -  n  a  i  * 
Those  results  arc*  presented  in  "able  1. 

Table  I  increase  in  ruisunT  ■  o'lteti*  r-:„:,,e: 

to  ci-.Hd.  1  e  e  1  Pl.  t  r  i  c a  •  . . >r- *  j  v ? 4  .• 

Moisture  Content  In: vevo  !'•  M  4  y .•  .^vJV 
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dut'fion  o1  wo>. id  ic  ;-»  i'.a*'ily  nviii.  ,  .il,  » : j » : *  i f i ■  ■ 
for  the  mcroa-.-  v.iih  oict.ne  u’^tenf.  .o..,  V 


r-ai  UVMll.M  J'lOl'J  >V ! !  I  l .  I!  iKHUJIILj 

>  m  conductivity  wit's  ter  pera  Cure  . 
gainst  reciprocal  to*  ipor.it u re  are 

■  lines,  which  can  be  ana  I y zed 

•  Arrhenius  equation  tor  the  tal- 
iv-udon  energies,  Jj  revealed  in 
ration  erie roy  iu  defined  Ob : 

A  .  AO  :>  0  .,{  i  >  i  :  r  '  I  ’• 

d  -J/T) 

■  aciivatien  enemy 

. i »i  i  v‘m  s a  i  na'j  cony  -  ;int 


■jie.iito  ea.be  ot  j  i  splat  er  ta  t  ••  0.a,-,  jcier  tre 

influence  ot  .in  electric  dele  at  ni-jt,.-r  ere  ■„  f  m  c 
contents.  I  i  ;ure  reveals  tr.at  activation 
eneri; i et  f  <iv  be  as  ni<ih  as  <A  ■  »•  i  1  -v.  i 1 *  :#-s  ;er 
rfrle  under  ,  •  unu  '  1 1  on  j  .  A  l  t  1  ’  *  .ci  j(c 

r  j  ,  rmi-jv  ’  m;  A  t -..a  1 ,  "O  i e  ai  O/'C  l-..  .  r  0  » ( 

at  ordinary  te  ;.e  rsi  t  jr  OS  to  K*  kca  ’ .  le  at  >  S 
4G°C.  i i.d  i  .  : 1 1 no  the  uecreas i no  ••  ec i  1  1 1 1  •:>'  t no 
ions  us  the  t<-:  ;,er \r  jre  is  i educed.  F  i  r  tre 
ac  ‘  i  vi  t  i  on  enemies  it  is  possible  -o  ■_afr,J;ate 
the  to"  ;>er<  tu  re  rise  required  to  •.o'jf.le  the  elec- 
t  r  i  c  c.  !  c un duct  i  v  ’  t  / .  T nes e  a  re  list e d  in  '  a b  1  e 


Table  a le^u.e nature  increases  required  to  double 
electrical  conduct i 1;  for  various 
activation  enemies  and  ter  nera tores 

Ac  t  i  v  a  t  i  t- n  T &;  ,;;e*  r a  t  u  re  T e,-,-pe  nature  F.  i  s e  to 

Inf  r*- v  °C  Doub  1  e  Conduct  i  v  i  t  j 

kc.i1/r.oie  °C 


■  - ,  . a r  i  t h; 1  o f  res  i  s  t.  i  v  i  i y  o f  wood  as  a 

■  r  lu'.ar'i  tni..  of  .roistjre  content  fror. 
.'•vent  to  ISP  ot  Z5°C, 


!8  32  3  6  4.C  44  4.8 

1000/ T 

- -co.ijf  i  th;  of  re  •  i  s  i  i  v  i y  us  a  fundi  mi 
pruL.-;!  Proper, ) tore  m  °K  ai  several 
f .  ■;  i  u i  ?  r'i !  t s  f  3*'  ve  1  .  tw  ; ic. 1 1  a r  wood . 

t  i**s  1  in  1  I  Anb  ) .  1 1 m  i  Aaar  (  i97d  ) . 
v  ■  i  A y  ni  u  s e  i in  i  v o rsi  f.  /  Pres  s . 
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Fi  iure  4. --Apparent  activation  cnerqv  versus 
Pcvsture  content  at  various  teivoo  rat  ares  fee 
Doiq  las-fi  r.  F  r.v  I  in  ,  I  Si- 5- '  Cnu  rtrsv  , 

Forest  Products  Journal. 

Tin.-  resistance  in  the  le’iii  r  .final  fiber 
direction  is  lower  than  Hut  ;•>  tr,r  transverse 
direction.  Hart  ;;mH4)  shows  that  ttie  ratio  of 
transverse  to  loin  ,  t  udir.al  resistivities  can  be 
as  h a ■  i h  as  ,'.'j  a.suiiino  an  isotropic  cell-wall 
-.ulistaiice  with  the  Mtio  decrea.im)  with  increased 
density  and  decreased  r  i  sa  1 i  cm-'ent  of  tile  cells 
in  the  t  niwent  i  a  i  direction.  Mans.  i,V'v/1 
inasureu  the  resistivities  of  lour  softwoods  and 


found  longitudinal  to  transverse  ratios  fruit  I  .  5 
to  2.5  with  an  average  ol  2.D,  and  with  slightly 
hioher  tangential  than  radial  resistivities. 

DIELECTRIC  CONSTANT 

Dielectric  constant  is  a  neasure  ut  the 
electrical  polarizability  of  a  substance  per’  unit 
volume.  Water  is  highly  polar  and  has  a  die¬ 
lectric  constant  ot  81  compared  with  a  vacuum. 

Dry  cell-wail  substance,  on  tne  other  hand,  nas 
a  value  of  approximately  at  a  frequency  of  2 
Mb/.  The  effect  ol  the  addition  of  moisture  on 
the  dielectric  constant  of  wood  is  illustrated 
in  i inure  5.  The  relationship  is  curvilinear  up 
to  the  FSP  indicating  a  lower  effective  dielec¬ 
tric  constant  for  bound  water  due  to  the  forces 
of  bonding  to  the  cell  wal'.  Beyond  ESP  the 
relationship  is  linear  with  the  resultant  rep¬ 
resenting  tne  approximate  sum  of  the  components. 
This  high  sensitivity  of  dielectric  constant  to 
moisture  content  change  is  the  bauis  Tor  capaci¬ 
tance-type  moisture  meters.  Dielectric-type 
meters,  on  the  other  hand,  are  based  on  the  com¬ 
bined  effect  of  dielectric  constant  and  dissi¬ 
pation  factor,  both  of  wnich  increase  with  wood 
moisture  content. 


PiacifiT  of  mohtuo.1 

Figure  5. --The  relationship  between  the  dielec¬ 
tric  constant  at  2  MHz  and  moisture  content  of 
buckeye  wood.  From  Skaur  (1948).  Courtesy  of 
SII'IY  College  of  Envi  rorn  ion!  a  1  Science  and 
f  ores  try. 

Drain  angle  affects  dielectric  constant 
such  that  the  dielectric  constant  of  wood  in  the 
longitudinal  ‘  ‘ -c b i on  is  approx irna tel v  double 

that  in  the  transverse  direction.  Application 
of  a  cellular  model  to  the  analysis  of  dielec¬ 
tric.  constant  indicates  that  the  same  ratio  also 
applies  to  cell -wall  substance  signifying  a 
greater  ease  of  dipole  displacement  along  the 
axis  of  the  cillulose  molecule. 


AC  resi.tivity  may  !m  I  c  u  1  a  ted  ‘  r  w  m 
dielectric  constant  and  di vjg'pJtion  factor  a* 
given  ireguern  y  tv  use  ot  the  toil  owing  reia'. 
ship  based  upon  tne  reactive  and  resistive  s: 
punents  ,f  i  ur  rvrrt  hi  the  dielectric  material 

I.W/1012  ! ; 


where  r  t requeue v .  s 

E  ::  dielectric  <.otr.t  jnt 

X  -  d  i  ssi .  ;  T  1  < in  1 .1'  So  r 

Meg  j urc-:  ents  were  :  .1  .sc-  . ,  s s  pis  r;  . 
biau  .  i  96,- ;  under  ovenJi  v  coh,; .  1 1  on :  and 
6.3  and  calculate.!  ya  1  uc-i  ..•*  '  0  -  i  S  l  i  v  1 1  . 
liirec*  radio  frequer.s ,■  are  pared  wit*.  ■: 
resistivities  in 
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Table  } 

reveals  a  sioni  f  leant  ■.if- _  re 

.jc,.  V 

re  si  sti  vi  tv 

with  increases  in  freque'  .v 

a».'1  ■  .  : 

ture  content 

,  providing  more  favorahm- 

i-.-n  ■;  *  i 

for  the  dielectric  heating  of  wood . 

Measurements  by  :>iau  '  f  3t"  i  ,■  revealed  a  - 
decrease  iii  dielectric  constant,  o'  wood  s’ 
frequency  was  increased  iron  llP  y  *:■  .  T 

Hz.  The  dissipation  factor,  on  the  etne  eai 
goes  tn rough  a  raximum  at  the  rescv.ai"  fre¬ 
quency  of  the  dipoles.  These  resonant  ‘  re 
ties  vary  from  0.6  MHz  at  -  30°C  to  3:  "■•;•  at 
25  C  Tor  ovendrv  wood.  Ihese  frequencies  mu 
as  moisture  content  increases.  Thus  it  was  * 
that  increasing  either  tempera  lure  or  moi-',r 
content  increased  the  resonant  : red. son  ,  nut- 
eating  an  increase  in  ease  of  poi  at"!  zap-’  ’■  ,  t  .  . 
It  was  possible  to  observe  the  effect  o '■  t c-'  : 
ture  on  resonant  frequency  only  under  ovenor, 
conditions  where  a  linear  plot  of  the  louari' 
of  frequency  against  reciprocal  te’-perat.nv  ,■ 
obtained  mi  accordance  with  the  Arrhenius  •>  : 
tion  indicating  that  the  process  i  s  foipera! 
activated.  A  calculation  of  the  actival’er- 
energy  yields  a  value  of  9,03  heal  per  '-ole. 
This  indicates  that  the  resonant,  re  luencv  at 
2/°C  can  be  doub  led  hv  a  t c  ..era  tut  e  incrvasi 
14,.:°C. 

Dielectric  constant  was  observed  to  i nr  i 
with  ter  perature  .  frit-  o,,nq  le.  basswood  wit' 
i'  ■  7.1  pot'ionl  at  I  MH.  had  a  ■  1  i  *  - 1  eg  c  t  ■  a 


THERMAL  CUNOUCTIVITY 


! 
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The  thermal  condut  t  i » i  t ,  < >f  woeo  i  ■ , : 1 1 
affected  s i on  i  f  i can 1 1  y  by  ten  Peru  tore  .  Trie 
i  iif  1  uence  of  moisture  content  and  spec  i  fit.  qrav- 
i  L y  are  accounted  tot'  e.  .p  i  t  vj  1  i .  :>/  equa ;  i .  ; 
of  McLean  and  otheiS  (Liao  (IT/.,)];  wcii  r,  treat 
wood  as  a  pat  al  T e  1  -si ah  rcide i  w i  th  trie  i  el ;  a  I  i  . 
1, i;:eii,  ami  moisture  as  parallel  ceodu  furocs . 

.  pn'oved  t-es.i  1  ts  uv't'i'  a  wider  lees  it ,  me.  ■  el 
be  obtained  by  of  of  a  celljlai'  :  lei  i 
depicted  in  Figure  o  and  as  previuv-.  1  ,  I  > ' ■  i t  J 
by  dart  i  i  %•* )  .  The  applicati  in  •>*  tni  "ode  I 
to  e-'pi  r  i cal  data  indicates  that  trie  tiit-r  .tl 
conductivities  of  bouno  water  ami  ..rll-waii 
subs  tan: do  not  ciiffer  appreciably  anu  there. 
f,nc  me  condo;  t  i  v  i  f  v  of  trie  :'Oi,t  t.el  1  ml  '  is 
not  affected  great  lv  by  :  :'i  store  urn  tent .  when 
it  is  assumed  tnat  trie  "loist  cel  i -wj  ! !  co.nda  - 
tivi tv  is  independent  of  noi store  con 'out ,  the 
increased  conductivity  at  hiqhet  no is ture  con¬ 
tents  is  a  result  of  the  swelling  of  the  cell 
wall  am.!,  therefore,  lower  pnrosit,  of  the  wood. 

In  derivin'!  trio  e  pi.it  ion,  tee  cross  .-.ails,  lumens, 
and  side  waiis  are  considered  as  separate  con¬ 
ductances  are  represented  in  : inure  7.  The 
equation  for  transverse  thermal  conductivity 


uer  i 

ved  er or;  tne  ivode’i 

has  the  fun-: 
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■  L.-  ■'  transverse 

theinai  conduct ivity 

of 

wood 


s,  •••  thersai  condut t i v i t >•  of  air  in  1  omens 

f,,  -  -  transverse  thermal  conductivity  of 
cel  I -wall  substance 

a  ■  square  root  of  wood  porosity 
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ri  I  ii'e  f-i .  —  fj*  ■  i  ofrical  odel  for  single  wood  cell. 
I  mm  inn  (19/0).  Coor'ov,'  of  ’.,'ood  and  i  ilier. 


flux. 


-  v;_.re  .  .  -  -  L  ■  I  u !  v  a  III*  s  on  f ■  is  r: '  i  on  of  (..rndjc- 
livit.  .odel  shew  in  :  conductivities  o*  sect i tns 
and  the  ecu ■ va lent  elect) ica  1  circuit,  r np 
Siuu  l'.‘/il).  Couitesv  of  .',ood  and  Fiber. 

Equation  [i]  has  or,  1  oeer  applied  cel.,.'.  . 

If  has  been  f'jrther  refined  to  account  ‘ m 
decreased  cross -wall  conductive  efficiency  due  t 
uneven  flux  distribution  as  advocated  by  oar: 
I196T).  Equation  (3,  produces  good  agreement 
with  the  e;sp  ir'icciJ  equations  when  values  1 .  j  » 
10“''  cal  , c :  'C  sec ;  and  10.  u  >.  10“  cal  ' 

°C  sec)  are  used  for  Ka  ami  K, .  The  mod ••  1  (‘'mo¬ 
tion  predicts  that  the  therf  al  conduct,  i  v  i  t  ,  ' s 
nearly  inversely  linearly  ;  robortion.il  to  M 
snuare  root  of  tne  porosity  (Figure  •  ■ r> 

values  of  between  0.2  and  1.0  ( correspond i n :  *;.i 
specific  gravities  fron  zero  tu  1 .4)  which  wouli 
include  all  known  woods.  In  fact  the  -  ode  I 
equation  may  be  closely  approximated  by  Mm 
linear  equation: 

!.  ,T  -•  (-11.3a  +  12.2)  v.  10"’  , 

where  1. 1,  thermal  conductivity  w yod  , 
cal/{(  °C  sec, 

The  essential  difference  between  the  ,  odel 
equation  and  the  other  empirical  equations  is 
that  in  the  furrier  the  conductivity  is  inversely 
proportional  tn  "a  while  in  the  latter  is  iy 
inversely  proport  iomi I  to  the  porosity  or  a1  . 

The  model  equation  has  i ini tu t ions  related 
to  the  assumptions  used  in  its  der i vat  ion.  : or 
p<ar  pie  the  effect,  of  pit  open  in  s.  i  ays  .  aid 
fibril  angle  are  neulec  tpd.  bancaaro  ( 1 has 
indicated  that  fibril  ancle  can  have  a  oiqnifi- 
canf  effmt  on  Mier'-.a)  ■  i  ■ '  ukiC  t  i  v  ■  f.  v  •  ol  o  Me 
jcSii"  pf  i  iin  has  been  made  tnat  i  he  ,  ondm  '  i  v  i '  . 
of  the  (ell  wall  is  i  ndi'Peiiiient  moisture 
content . 


I 


Figure  8 . --Trans verse  thermal  conductivity  of 
wood  versus  "a"  according  to  equation  based  on 
geometrical  model  comparea  with  a  linear  regres¬ 
sion  equation  of  K,,j  on  "a“.  From  Siuu  (1071). 
Courtesy  of  Syracuse  University  Press. 

MOISTURE  MOVEMENT 


I  x  IO"3 

3  HO'4 

I  xl O'* 
Dv 

3  xlO'5 
I  xlO  3 

3  xlO"6 
cm2/sec 

i  xlCf6 

3  x  10  7 

D8t 

IxICW 

3  xlO"8 


The  movement  of  water  vapor  through  wood  is 
far-  more  complex  than  that  of  heat  due  to  its 
strong  dependence  on  both  temperature  and  mois¬ 
ture  content.  A  family  of  curves  relating  trie 
water-vapor  diffusion  coefficients  uf  air  in 
the  lumens  (Dv)  arid  the  cell-wall  m  the  trans¬ 
verse  direction  (Dpj)  to  both  T  and  M  are  de¬ 
picted  in  Figure  9.  The  values  of  Dv  are 
derived  from,  the  water-vapor  diffusion  coeffi¬ 
cient  through  bulk  air  bv  conversion  to  a 
basis  of  a  gradient  in  cell-wall  substance 
through  the  sorption  isotherm  of  wood.  The 
values  of  Dpy  are  taken  from  values  for  celi- 
wall  substance  measured  by  Stamm  (1959)  in  the 
longitudinal  direction  at  26.7 °C  at  various 
moisture  contents.  They  were  converted  to 
other  tempera tures  by  the  assumption  of  a  direct 
relationship  with  the  saturated  vapor  pressure 
of  water  as  suggested  by  Stamm  (1959)  and  then 
converted  to  the  transverse  direction  by  divid¬ 
ing  the  values  by  2.5.  It  is  interesting  to 
note  that  values  of  Dpi  increase  with  wood 
moisture  content  due  tv  decreased  bonding  of 
water  riolecu  es  to  sorption  site>,  while  Dv 
decreases  with  increased  M  due  tg  the  increasing 
Slope  of  the  sorption  i  sot  her  at  higher  valu's 
of  relative  numidi  t-/ .  Therefore,  lumen  iondu(.- 
tivit.i  becomes  mure  i:"por*an  t  at  higher  Mini  store 
con  tents . 
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figure  9. —  Values  of  -  nni  Uv  at  various 
temperatures  and  -mi store  contents.  Fan  $ia.< 

( i 97 1 ) .  Courtesy  of  Syracuse  University  Press  . 


The  cellular  model  may  be  applied  to  rois- 
ture  novement  as  well  as  to  that,  o*  heat,  .-.tier r ■ 
this  is  done  for  transverse  flow,  the  conduc¬ 
tivity  of  the  lumen  is  much  hinder  than  that, 
of  t he  side  walls  in  parallel  with  it  mating 
the  latter  negligible,  when  ; fur  lumens  and 
cross  walls  are  considered  in  series,  the  nigh 
conduc  t  j  h  i  1  i  tv  of  the  lumen  hemmes  negligible 
leaving  the  cross  walls  as  the  only  part  of  the 
structure  having  significant  resistance.  This 
greatly  simplifies  the  model  equation  which  then 
has  the  form: 


DgT 


°BT 
( l-a*  ) 


5) 


whore  w(J7  -  transverse  wat^r- v  ape r 
<i  i  *'  h,'-  i  a;  ■  e4  '  i  ..it  ?;t.  ‘ 

wo  »d 

In  L'liialion  (:'■>).  the?  ;  I -a*  )  fer\  in  the 
derioimi na tor  corrects  l ho  •.»-*.!  ient  to  a  hive, 
wood  rathc’i  than  cell-wall  ‘.uhsiam.  e  an!  the 
tern  (1-a)  rep re son tr.  the  Jennth  n*  *ho  ;a4h 
throuoh  the  cross  walls.  THs  e:'ja!<on  *-f  :  -  e- 
the  el  fed  ot  the  pit  npeni mis  on  water  -vapor 
•:.uver'en (  which  has  not  !-«-en  rn-nie-ted  l>>  '-tanr 
(!%>’).  i  hi  s  ef  Tec  I  !’Mv  indeed  not  he  nt'f;l  ) 
at.  inw  .-oishjre  t.on’enfs  at..l  hiol'i 
orav i t  i es  . 


1 


cm  /  sec 


"fte  i»if  M  ami  :  »■.  • ; 5» •  rot*-  ot 

vapor  S'iuvOi'.L'M t  'hr-.pji’h  wuud  wi  th  tin  uvtMiilr/ 
s  :'tic  i  -  i  l.  •;r.tvuy  o !  O.b  is  i  1 1  us?  r  atm!  in  fiqun* 
i  v .  l  •  j  ua  t  i  un  :  •’> )  wa  s  u  S  t»d  It »  l  a  it  u  1  a  lu  vd  1  ue  s 
uf  'J.ji  while  a  lonnitudinal  nmlol  equation  was 
u'O’i.i  to  deter1'  ine  ['  ,t  .  It  is  appar  eni .  when 
LO"i.mrih';  ini.,  wi'n  Ti  :ur  u  o,  that  iJ-;T  is 
d  i  roi  f  !  .  ;  •  !"'■  t  i 1  'na  i  *.u  fur  the  cell  wall, 
wni.'e  l-j[  i  ■,  toii  noted  by  Ihu  Junr-ti  Lon<ijn  i  v  i  t /, 
n.  .  r  i  oure  I  indii  ates  that  an  increase  in 
":ei  store  content  of  b  tu  ••  percent  is  required 
to  double  the  rate  of  diffusion  in  the  transverse 
d  i  roc  1 1  on  wh  i  1  e  tei  .pera  lure  i  nc red ses  he  tween 


1  .  i  and 


are  rejuired  fur  the  same 


inc' reuse*  at  tempera tures  uf  ahl,l  and  90uf. . 

|i :! :!i: .ijiii •( a  r;:::  j: .. 

3x io'3  i  ■  ;  ■!- 


-d-d  i ' 

Ss-P-1  S) 


..her  e  !.  -  tii.(! 

x  -  d i s lance  in  the  direction  ot 

f  low 

Tilt-  Sul  Ut  1011  jf  U  pl.1,.  I  I.  -I  !  ;  ■  r: ;  1  f  •"  "u 
si-  i-l  i  tied  by  the  -.a  I  cul  a  1 1  on  uf  an  a  .'era  ;fe  dif¬ 
fusion  coot  f  icient  as  suggested  bv  btu  j  '  i  V';,  j ; , 
Tht-  re  i  .it  i  unsh  v  between  lit iT  and  at.  oios'-aiit 
temperature  is  a > rox i i-  atefy  paraboi  ic. .  There¬ 
fore  the  average  value  uf  corresponds  to  a 
spa  a  e  and  time  average  HioisfurQ  content  calcu- 
l.i ted  as: 

”  =  Mi  +  2/s  {k2  - 

wnere  ’•!]  -  rinvv  roisture  content  over 
the  range  <,!  .  )1  uv,  i.  on  side  res 
M"  a  ■.  1  '  j  1  wi  store  content 

Lijuari in.  ((,)  a th.*r;  P>-  wri  tteii  with 

.i  constant  diffusion  coefficient  •  <ii  in.;  u  so!  »- 
able  by  ana  1 y t i t a i  or  graphic  a  1  .  otlmds. 
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fiuure  If  . --{ o iqi tudinal  and  transverse  diffu¬ 
sion  *■  net  f  i  s  i  en  ts  ef  a  wood  with  an  ovendrv 
.0  '•!  i  f  '  •.rarity  it-  .  n  .  F  ror'  Sian 
’  '■  if'S-  .  i*  /r'-H’vse  '.uiversifv  Press. 


T'le  1-V.f  '  h- :  '  »  h‘  diffusion  (.{jef  f  1  r  i  I*nt.  is 

/  sfuis  i  *  I  *  •»  :  h-*r  :e'.  in  M  jud  I  pr.-sents 
d i  dif  ■  j  1  {  if.,  in  th»*  .i.lutiun  r » f  pra<?h.  .n  ;>»'* *1 . - 
I'1"  1  M .  1/ 1  •  I  7  i  r  i  ]  ill.  *  -  s  t  •!  t..e  Uisf.me  •  D  Vf’llU’U  t . 

r*>»-  ■  r  >  <1  *  f  *i‘  1  r  »rt  *  i  A  i  “Ouri'  lull  !'  -i  /  !  i « ■ 

id  -e-'l  sr.e  *’i-  ili/  in  d  i  fM;  >  iun  }  ess  ''Mi  s  when 
fhe  d  i  *  ‘  us  ;  ■  ,n  1  '  )* 1 1  *  i !  j  i  >  1 1  *  «■-.  -  ufr.tant  is  it  i 

1  r;  t  *.f *  ■  •  ■  e  lit  1  t  l  •  Vi .  !nr  -Oi  '•  I.  J*  »'  '  •  -ve- 

°n  t ,  '  h**  **  j '  1. *  ■  » r .■  n  n.ns  -die  *  e  1  ■ 


tiud lion  (8)  ; say  also  be  derived  by  nSi’ 
v a [>oi  pressure  or  volune  concentration  as  uir 
Of  peteriti.il  with  an  identical  value  of  b,-  ; 
an  identical  solution.  Trie  reason  for  this  • 
the  fact  that  tin?  diffusiuti  cn  fferen'  i  a  I  <:■.  r 
tion  applies  to  a  point  within  a  ssHiti- .‘n  of 
wood  wiii cm  is  at  one  temperature  and,  under 
these  conditions,  a  differential  char,  ;o  i r,  ■« 
tun:  content,  partial  vapor  jiressuro,  arm  co- 
pent  rat  ion  are  directly  propurt  i  oil  a  1  to  eni.h 
other.  The  effects  of  changin’;  "e  i  s  t  u  rc  Loc: 
and  temperature  can  be  accounted  ‘or  in  >  ;  is 
tis.il  protife'  if  Louation  \V.)  is  t  ran  .  t  i-l 
a  diffut encc  equation  with  the  value  o'  (hi  r 
fusion  i  oofficieirt  ad; acted  i  out  i ■riouc  1 »  •  .  r 
changes  of  ft  and  T.  Ac  an  a  itom-H  ive .  i  ,  ,,it 
(f.  )  ."ia v  !k:  written  in  ic--  f>  >■"  : 


whf"  f* 

s  ci  t  iif  d  t* 1 '  1  v-1.  1  '  .  j  r  >■ 


(  <r  ;  1  f  U  M  •  M  I  *  1  '  ;  ■.  »  .  j  '  , 

i  v  . !  i-.J  v  -  ,  *  a  I  *■  ■  •  j  ■ .  *  j  r '  •  r.i  •  *  *-i'  prqjidu  . 

l.l-jf  .  I '"<•  .  i  h  :•  *,  •  v. i .  1 1 1.  l  '■  *  i  r  •.♦  i  ;w 

•  V-  !•*.  ••  ‘  {  1  !■  *  »:•••.;  Vi.f  ,  tfi  1  '  '  '  ■ 

?  •  ■  <  •  1 1  *  ,  v  I  s  i  *  *  *  .it  i  .1-  ,  s'  \  »i  j  h  •  r  ••■ru  s,u 

a  .  :rsid  i  un*  . 


F  =  -D„,  d  M/dx  il.U) 

F  -  -  P),  dp/ dx  (11) 

r  =  -U  T  d  C /dx  (1?) 

where  F  -  flux 

D.,,  -  conductivity,  git ;cr|  ) 

[Kg  in  Siau  ( 1“)71  ;  1 

Uh  =  conduct!  vi  i.y,  gm/tcm  sec  m  H,, ) 

C  =  concentration,  rjpi/cmJ  (wood) 

The  conductivities  in  equations  (HI),  {11). 
and  (I?)  can  be  converted  to  one  another.  The 
conductivity  for  a  concentration  gradient  is 
the  same  as  the  Dqj  in  equation  (6)  with  the 
units  of  cm^/sec .  All  three  of  these  form-, 
will  give  equivalent  results  in  an  i sot herma I 
situation.  Bramhal!  (1976)  discusses  toe  diffi¬ 
culty  in  the  use  of  moisture  content  gradient, 
under  non  isothermal  conditions.  Wenqert  O'/'C) 
favors  the  use  of  vapor  pressure  gradients  m 
unsteady-state  problems. 

Two  anoriolous  situations  oan  arise  in 
steady-state  problems  under  rn.ni sutiier" .1  ]  con¬ 
ditions  as  illustrated  in  Figure  11  {ay  and 
(b).  In  11  (a)  there  is  zero  vapor  pressure 
differential ,  but  a  Moisture  content  differ¬ 
ential  of  ID  percent.  In  II  (b)  the  moisture 
differential  is  zero  but  there  is  a  partial 
pressure  differential  of  IIP  of  mercury.  In 
11  (c),  whicn  could  be  typical  of  a  house  with 
solid  wood  walls,  there  Is  a  higher  vapor  pres¬ 
sure  inside  the  house  but  a  higher  relative 
humidity  and  wood  moisture  content  on  the  out¬ 
side  Surface.  The  questions  are  raised  as  to 
what  are  the  correct  ways  ot  calculating  the 
vapor  flux  in  these  three  cases. 
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FI  i-:M!  Ail  II 

Cons  tor:  /  (190.  )  ri  a-,  i  n  ,.fs  i  i  ”,  • 

of  ,  luiature  Cvritr-'i'  v.  fi  jf ,  ■  -I  -.v  ■ 

permeability  of  several  spec  if.  wo',  : . 

the  softwoods  there  was  a  ;  udei  •;<*,  i  <• :  ••  i’ 

permeab  i  1  i  ly  as  "ulsfir"  1.011  ten  1  1  r,,  •••.  ” 

ovendr'y  { O  .*0  pt.*f\.0nt  .  .his  dec  r  *-  ;  •  M  ;  ,■*  - 
meabiliiy  could  be  >■>  p  i  a  ii"'d  ;o  '•■■■ 

(a)  a  dec  re*  sc*  in  wood  poros  it.,  is  !  !•  .  :• 

i  nr  cease  in  the  -i/e  0'  Inc  i<  rot  1 :  r  :  1  ;  1 1 

strands  in  *  re*  '.rr'gu  it  trie  1  *  ;  <*'  ’  r  1  ... 

result'  f-jr  huid.voous  were  lev.  -■  1  ”  ■  r  * .  1  * 

white  oai  hourtw  md  iv.it  i.»i 1  n  :  in1  n-  o.e'.  it. 
enbilit,'  t.y  lotos  of  to  .’(.  wit’,  .1  1  "l 

in  ”  fro'.  .  percent  to  .’ere.  In 
red  uo  i  ,  soi.e  Spec  i "  eiiS  Snowed  i  i  r.  t  1  ■; 

Some  decreased  perneabi  1  i  t  .  as  ‘ne  ■  ,  is  v,i>- 
tent  was  in,  reused.  A:  or r  is.:'  ,  s. » i 1  s- 

Si  stent  increases  in  per-  ,eo!.  11  i  t .  I’.n 
M.  -.nmetines  as  och  as  9(1  pert  on*. .  ' 

possibly  lie  attributed  ”  >.,v  -vases  in  1  .  ■  n  n 

sizes.  With  trie  exception  ..f  white  :  d  •  - 
wood  these  changes  in  pt-m  cv.oi !  1 '  nef  w  •  : 
are  minor  and  would  not  be  expected  1  1  tiu /•■ 
significant  effect  upon  the  pressure  .na¬ 

tion  of  1 igu i ds  . 

At  moisture  contents  above  FbF  :■ 

drastic  reduction  in  wood  permeab i I i t .  :  a-  n 
the  presence  of  liquid  water  in  the  t  ell  1  u.  c 
and  the  necessity  of  overcoming  r.ipi  Ilur.-  *  m  r  • 
as  well  as  viscous  forces  to  cause 
is  the  case  witii  green  wood  of  cion  •  0  s ' 
content.  Aii  is  always  present  in  Ltu  Ire'' 
and  the  resulting  capillary  pressure  w  i  >  v, 
be  overcome  to  displace  an  ait'-li  g.iid  ini 
may  he  calculated  f rut:  the  fol  Win  :  ,  1  n. 


where  ' P  pressure  <i  i  ‘  t  er,"  t  ;  1 1 
i-  -  radius  of  open i  1,0 
contact  angle 

Capillary  pressure,  as  de'  i"ed  !>•,  i.qu.it 
(13)  can  reach  hundreds  of  .rounds  ,  er  s  hi,  re 
inch  for  small  openings.  Slam1'  196/)  ha ,  .a 
culated  the  r-axinr  effective  '  pore  radii  of 
wood  specimens  from  the  pi  ensure  repii  e,  *•, 

overcome  capillarv  'urces  . 

Cue  ni  the  ore  if,  St  .liflfi  «lt  ie'.  '.  'Me 

:■  e,l  s  ureiien  1  e  t  wen  id  pe  r- ,  si  b  t  i  i  t  ,  ■  I  a  1  '  :  ,  ’ 

i  ,  tin*  e  1  i  ■  1  ni  I  i  on  ,  t  >  ap  1  1  1  a  1  .  ‘  "1  1  es  :  .  • ,  1  i 

sa  f.  ul'a  t  i  1  iii  1  the  *.  t  r  ut  *  1  r ,  ■  w  1  1 1,  1  1 ,  ,u  I  i  ,c  1  *  h 

the  e  I  iri  na  t.  i  en  , , 4  all  lit  and  pa  rt  i  c  u  I  a  ’  e  . 
Till,  i  d  !  *  ‘  1  ,  I  e  ■  per  1  Metli  :  1  1  ,  I  '  d  i 

,  us-.e.t  I*  length  !v  tel  ”  <-t  a  I  .  ,  >!■  iv‘ 

far  s*  r.i  l  '  •  'if, ; ,  i  .  r,  ,i  ",  •  ,1  I  a  na 
. ,een  able  t >,  ,w  ■  i  at  ;  n.-  pe,-  :  ”, 


via  i  a  •  * ■  v ■  ; ;  ■ 


I  :  rl 


Figure  i 2. --Average  gas  perneabil i ty  for  nitrogen 
and  helium  at  infinite  pressure  versus  average 
liguid  permeability  for'  iso-octane  and  aryl 
alcohol.  Fr  or;,  Comstock  (1967).  Courtesy  of 
Forest  Products  Journal. 
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EFFECT  OF  TEMPERATURE,  HUMIDITY  AND  MOISTURE.  CONTENT 
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By  R.  Bruce  Hoadlev,  Professor 
Wood  Science  and  Technology 
University  of  Massachusetts 
Amherst,  MA 


'Dimensional  changes  in  response  to  normal  climatic  and 
seasonal  variat  ion  in  relative  humidity  in  heated  buildings 
is  a  predominant  problem  during  both  manufacture  and 
consumer  use  of  solid  wood  products.  Fnv ironmental  control 
should  be  considered  in  production,  but  for  items  in  service, 
proper  design  and  moisture  retarding  finishes  offer  best 
protection.  • -■ 


INTRODITTION 

There  is  little  need  to  underscore  the 
existence  and  importance  of  humidity-moisture 
content  effects  on  wood  products;  countless 
examples  are  all  too  familiar  to  each  of  us 
even  in  our  daily  lives.  These  effects — 
usually  detrimental  —  include  the  direct 
influence  on  dimensional  behavior,  strength 
and  thermal  properties  as  well  as  such  indirect 
effects  as  biological  deterioration  and  the 
failure  of  adhesion  of  glues  and  finishes. 

These  effects  prevail  at  every  phase  of  end 
use  from  the  storage  and  processing  of  stock 
in  the  plant  through  the  eventual  service  life 
of  the  finished  product  in  the  consumer's 
possession.  Tn  reviewing  this  topic,  the  list 
of  individual  moisture  related  problems  seems 
endless.  In  manufacturing, the  all  too  common 
ones  are  misfitting  parts,  sunken  or  open  glue 
joints,  surface  and  end  checks,  and  machining 
problems.  The  consumer  experiences  sticking 
of  swollen  drawers  and  doors,  loosened  tool 
handles  and  furniture  joints,  uneven  joints  and 
surfaces,  cracked  house  wall?,  split  panels,  and 
so  on.  Rather  than  engage  in  a  compilation, 
this  paper  will  focus  on  a  discussion  of  a  few 
examples  which  typify  the  more  common  categories 
of  problems  and  a  discussion  of  the  more  urgent¬ 
ly  needed  approaches  for  dealing  with  them. 

Tn  contemplating  gaps  in  our  technology 
which  might  be  indicated  by  these  moisture 


related  effects,  it  is  tempting  to  re-echo  the 
desirability  for  discovering  economical  ways 
to  make  wood  dimensionally  stable,  fireproof 
and  immune  to  biological  dot er iorat ion .  how¬ 
ever,  considering  that  the  search  for  such 
alchemy  has  been  with  us  almost  as  long  as  the 
problems,  the  prognosis  for  finding  a  panacea 
is  not  promising. 

Tn  considering  this  topic  T  have  tried  to 
view  the  resultant  effects  as  they  confront 
those  direct lv  involved  with  end  use  and 
products:  o.g.,  the  manufacturers,  woodworker 
and  homeowners.  From  their  viewpoints,  the 
effects  of  moisture  often  seem  mysterious, 
intangible,  and  insoluble.  On  the  other  hand, 
careful  analysis  of  most  problems  suggest  that 
a  reasonable  solution  based  on  existing  tech¬ 
nology  is  possible  which,  hasn't  been  taken 
advantage  of  or  even  recognized.  Vy  final  con 
elusion  then  will  be  that  even  though  sore  gap 
in  our  technology  can  be  identified,  the  great 
est  progress  can  he  made  hv  implementing  exist 
ing  technology  rather  than  trying  to  fill  the 
gaps.  To  he  most  effective  this  transfer  of 
existing  t echnol ocv--or  in  simple  terms 
"educat ion" --must  he  expressed  in  language  the 
worker  or  consumer  can  understand  and  must  hav 
relevance  to  specific  problems. 
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—Paper  presented  at  the  Symposium  on  Wood 
Moisture  Content — Temperature  and  Humidity 
Relationships,  VPT  and  SC,  Blacksburg,  Virginia, 
October  29,  1979. 


Of  all  the  moisture  related  effects  on  end 
tise,  the  most  infamous  are  those  involving  the 
dimensional  change  in  response  t o  hound  water 
variation.  While  ever .one  knows  that  wood 
shrinks  and  swells,  few  can  understand  the 


interrelationships  between  the  heating  of  the 
shop  in  the  fall  and  the  open  glue  joints  which 
result.  These  interrelationships  have  been 
thoroughly  reviewed  during  this  conference  and 
need  not  be  repeated  here  in  detail.  But  I 
always  find  it  worthwhile  to  visualize  the 
following  progression: 

t  — *  m 

RH  — -  EMC 

MC  AD/e 

€  — ►  a 

as  a  reminder  that  temperature  (T)  can  influence 
relative  humidity  (RH),  relative  humidity 
controls  equilibrium  moisture  content  (EMC), 
moisture  content  produces  dimensional  change 
(AD)  or  strain  (e),  the  restraint  of  which  can 
cause  stress  (a),  sometimes  sufficient  (amax) 
to  cause  failure — that  is,  checks.  In  some 
cases  only  a  portion  of  this  chain  of  effects 
need  be  considered  to  resolve  a  particular 
problem. 

TYPICAL  PROBLEMS 

A  commonly  encountered  situation  is  the 
straightforward  case  of  dimensional  change 
which  takes  place  when  wood  is  used  at  a  mois¬ 
ture  content  other  than  that  which  it  will 
eventually  assume  in  service.  A  routine  example 
is  the  differential  between  the  moisture  content 
of  the  framing  lumber  installed  in  a  building 
and  the  average  equilibrium  it  will  eventually 
reach  after  a  period  of  occupancy  and  heating. 

In  a  study  conducted  in  Amherst,  Massachusetts, 
moisture  meter  readings  of  softwood  structural 
lumber  being  delivered  to  job  sites  averaged 
18-19"'  with  a  range  of  from  12  to  29<y .  Readings 
taken  on  equivalent  interior  framing  members  in 
houses  occupied  for  a  number  of  years  averaged 
8  to  9?  moisture  content.  In  a  typical  dwelling 
built  with  conventional  light  frame  platform 
construction,  the  sills,  joists,  subfloors, 
base  shoes,  and  rafters  are  vertically  stacked; 
the  perpend icu lar-to-gra in  dimensional  changes 
are  vertically  cumulative.  In  a  2-story  struc¬ 
ture  the  cumulative  dimensional  change  in  the 
framing  can  exceed  an  inch  from  the  time  of 
construction  to  the  attainment  of  eventual 
equilibrium.  The  consequences  of  tying  part  of 
the  house  to  vertical  masonry  columns  or  plumb¬ 
ing  can  obviously  cause  uneven  distortion,  with 
cracked  drywall,  separated  joints,  and  uneven 
floors.  Builders  always  call  this  "sett  1 ing"; 

T  have  never  heard  it  called  shrinkage.  Many 
builders  see  the  problem  as  inescapable.  Since 
it  seems  unlikely  that  framing  can  economically 
be  dried  as  low  as  S7  moisture  content,  the 
obvious  way  of  dealing  with  the  problem  is  to 
design  the  house  framing  so  it  can  move  verti¬ 
cally  independent  of  the  masonry.  Wise  builders 
do. 


A  more  specific  example  is  in  framing  of 
built-in  kitchen  counters,  where  the  base  is 
framed  by  nailing  2  x  4fs  on  edge  along  the  sub¬ 
floor.  The  countertop  is  constructed  of  plywood 
or  particleboard.  Since  the  rear  edge  of  the 
countertop  is  anchored  with  a  furring  strip  to 
the  wall  studs,  its  height  is  fixed  above  the 
floor.  The  front  edge  of  the  countertop  responds 
to  shrinkage  of  the  base  frame  below  it.  In 
touring  a  house  under  construction,  I  noticed 
an  obviously  wet  2x4  being  used  for  counter 
base  framing.  Sensing  my  concern,  the  builder 
assured  me  there  was  no  problem  in  its  high 
moisture  content,  since  it  would  be  nailed  down 
and  "can’t  go  anywhere.”  But  a  quick  mental 
calculation  indicated  that  when  the  high  mois¬ 
ture  content  (at  or  near  the  fiber  saturation 
point)  eventually  reached  equilibrium  moisture 
content  of  about  87,  it  would  shrink  an  eighth 
inch  or  more;  the  front  edge  of  the  counter 
would  drop  an  equal  amount.  That  builder  would 
never  build  a  counter  that  was  out  of  level  by 
that  much.  Yet  that’s  what  the  homeowner 
eventually  got.  (it’s  enough  to  make  an  egg 
roll  off  a  Formica  surface!) 

In  manufactur ing  plants  where  products  such 
as  millwork,  flooring,  cabinets,  furniture  or 
sporting  goods  are  being  produced,  it  should 
be  routine  that  stock  be  kiln  dried  to  an  average 
moisture  content  the  finished  items  will  have 
in  service.  In  most  cases  plants  now  do  a 
reasonably  good  job  in  this  regard.  But  still 
problems  develop  because  moisture  content  is 
allowed  to  change  during  manufacture.  A 
typical  example  is  trouble  with  edge-glued 
furniture  panels  and  chair  seat  blanks,  where 
the  end  grain  region  of  the  stock  is  allowed  to 
change  moisture  content.  In  dry  weather,  during 
the  time  interval  between  the  edging  and  gluing 
operations,  the  end  grain  may  loose  enough 
moisture  and  result  in  enough  shrinkage  across 
the  ends  so  that  clamping  pressure  cannot  fully 
close  the  joint.  In  damp  weather,  the  ends  of 
gluing  stock  may  gain  moisture  and  swell  prior 
to  machining.  Edge  jointing  straightens  the 
flared-end  boards,  which  are  then  edge  glued. 

When  the  panel  ends  eventually  equalize  back 
to  their  original  lower  moisture  content,  and 
attempt  to  shrink  back  to  orginal  condition, 
stresses  are  developed  which  may  split  the  panels 
oi  open  the  ends  of  the  glue  joints. 

FOCI’S  ON  H  Win  TTY 

The  above  examples  indicate  typical  problems 
associated  with  moisture  content  change.  But 
more  importantly,  they  reveal  shortcomings  in 
our  traditional  approach.  Foremost  is  our 
preoccupat ion  with  the  concept  of  moisture 
content,  both  in  our  thinking  as  well  as  in 
practice.  In  theory  we  know  that  moisture 
content  responds  to  relative  humidity.  RH  is 
the  cause;  EMC  the  effect .  Yet  in  practice  we 


f 


try  to  work  mainly  with  moisture  content,  as  if 
in  doing  so  RH  will  in  turn  take  care  of  itself. 
The  result  is  that  relative  humidity  has  been 
almost  universally  ignored.  I  repeatedly  meet 
manufacturers,  woodworkers,  and  even  hobbyists 
and  homeowners  who  are  very  knowledgeable  about 
the  moisture  content  that  wood  should  have  for 
this  purpose  or  that.  Yet,  they  do  not  have  an 
inkling  of  the  relative  humidity  for  establish¬ 
ing  and  maintaining  such  moisture  levels,  nor 
do  they  have  even  the  simplest  instruments  for 
measuring  relative  humidity,  nor  the  provision 
to  regulate  it  in  any  way.  It  is  quite  apparent 
that  there  must  be  much  more  awareness  of  rela¬ 
tive  humidity  and  its  relationship  to  moisture 
effects. 

In  a  brief  article  entitled  Some  Thoughts 
on  the  Term  "EMC"j.,  Bruce  Heebink  suggested  an 
alternate  term  such  as  ERH  or  RHF.  (standing  for 
''equilibrium  relative  humidity"  or  "relative 
humidity  equilibrium")  be  adopted  as  a  basis 
for  specifying  moisture  condition,  His  sugges¬ 
tion  was  made  primarily  because  so  many  modified 
wood  products  have  different  equilibrium  mois¬ 
ture  contents.  By  this  reasoning,  rather  than 
specifying  lumber  to  be  dried  to  8. OX  MC,  it 


2 

— SMST  LOG.  November,  1966.  Nineo  3pp. 
Society  of  Hood  Science  and  Technology,  Madison 
k>. 


would  be  specified  as  being  dried  at  an  ERH  of 
42  percent.  This  same  specification  would  he 
appropriate  for  various  species  whose  EMC  might 
range  from  7  to  9  percent  at  this  same  4?  percent 
humidity  level.  Adapting  an  ERH  philosophy  would 
also  focus  needed  attention  on  atmospheric  con¬ 
ditions,  namely  relative  humidity.  It  is  obvious 
that  greater  humidity  awareness  and  control  would 
be  especially  important  in  manufacturing,  for 
here  the  wood  is  as  yet  unprotected  by  finish 
and  at  this  stage  maintaining  proper  Eye  most 
critical.  At  the  same  time  it  is  at  this  stage 
of  end  use  that  control  would  he  most  feasible. 


TMPOPTANCF  OF  VARIATION 

It  is  common  knowledge  that  wood  shrinks 
and  swells  because  of  variation  in  atmospheric 
humidity.  But  in  any  actual  situation,  how  mui  h 
does  the  atmosphere  change?  How  much  does  Yhi~ 
moisture  content  vary?  How  much  does  wood 
really  shrink  and  swell?  What  are  the 
tolerable  limits?  Can  we  realistically  stay 
within  them?  These  questions  deserve  much  more 
attention  than  they  have  been  given. 

He  can  get  a  general  sense  of  the  potential 
situation  from  figure  1,  where  examples  of 
familiar  RH-EMC  and  EMC-shrinkage  relationships 
are  plotted  together:  we  can  now  read  dimension 
change  directly  as  a  response  to  relative 


Figure  1. — Typical  relationship  between  relative  humidity  (RH) 
and  equilibrium  moisture  content  (EMC)  and  between  equilibrium 
moisture  content  and  shrinkage  (S)  .  (T=*tangential ,  R=radial)  . 
Average  data  for  red  oak  are  shown.  Dashed  lines  show  appro¬ 
ximate  winter-summer  extremes  for  solid  wood  in  winter-heated 
buildings  in  the  Northeast. 
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humidity,  more  or  Less  ignoring  the  EMC  interme¬ 
diate.  For  the  user  of  wood  or  wood  products, 
the  notion  of  moisture  content  is  a  nebulous 
intermediate  which  is  difficult  to  comprehend 
and  seems  academically  remote.  Correlating 
humidity  directly  with  dimensional  change — 
two  tangible  indicators  of  environment  and  wood 
behavior- -would  probably  have  far  more  relevance. 
But  convention  has  traditionally  ignored  this 
approach. 

For  a  typical  situation  in  the  Northeast, 
the  humidity  within  heated  buildings  commonly 
drops  to  below  20  percent  RH  during  periods  of 
winter  weather  when  the  outdoor  temperature  is 
dipping  below  zero.  In  summer,  indoor  humidities 
commonly  remain  above  the  80  percent  nark  for 
weeks  at  a  time.  Figure  1  suggests  that  unpro¬ 
tected  wood  of  average  species  responding  to 
these  extremes  will  vary  in  tangential  dimension 
by  some  three  percent  or  more.  F.ven  greater 
extremes  are  not  uncommon.  (In  my  basement, 
spruce  wafers  have  reached  over  20  percent 
moisture  content  in  summer,  as  low  as  three 
percent  in  winter.) 

How  tolerable  is  three  percent  variation 
in  dimension?  In  some  cases  it  may  be  insigni¬ 
ficant,  as  in  a  piece  of  free-standing  sculpture, 
a  bread  board,  or  the  like.  In  drawers  that 
stick  or  doors  that  won’t  close,  it  may  be  an 
aggrevatlng  problem,  but  seems  to  disappear 
harmlessly  once  the  weather  again  becomes 
favorably  dry. 

Tn  cotint  less  products,  however,  this  three 
percent  response  to  normal  variation  in  humidity 
can  be  quite  destructive.  An  example  is  any 
wood  restrained  from  swelling,  as  the  handle  of 
a  hammer  in  the  head.  If  fitted  tightly  at  a 
winter  extreme,  say  20-252  PH,  and  allowed  to 
follow  equilibrium  to  a  summer  high  of  80-85Z  RH, 
the  attempted  swelling  of  three  or  more  percent 
is  restrained.  Since  the  elastic  strain  limit 
in  compression  is  commonly  below  one  percent, 
most  of  the  restrained  swelling  is  sustained 
as  permanent  set.  Upon  redrying  to  the  original 
relative  humiditv  equilibrium,  the  socket  of  the 
handle  shrinks  to  less  than  its  original  size 
and  of  course  loosens  in  the  head. 

Similarly,  longitudinal  grain  direction  in 
a  mortise  restrains  the  tenon;  and  normal  humid¬ 
ity  variation  can  cause  enough  self  induced  com¬ 
pression  set  in  a  mortise  and  tenon  Joint  to 
result  in  loosening  and  failure.  The  familiar 
loosening  of  chair  joints,  so  commonly  blamed 
on  poor  gluing  or  abuse  of  the  chair,  is  proba¬ 
bly  most  often  the  result  of  dimensional  response 
to  humidity  variation. 

Another  result  of  the  same  mechanism  is 
the  splitting  of  wide  members  (such  as  table 
tops  or  side  panels  of  case  goods)  which  are 
fixed  at  their  edges  as  seen  in  figure  2(A). 

After  sustaining  compression  set  in  the  swelling 
phase,  splitting  occurs  during  attempts  to 
shrink  back  because  the  strain  limit  in  tension 
perpend icular-to-gra in  is  usually  only  1-2  percent. 


This  mechanism  can  also  develop  checks  in 
the  ends  of  originally  dry  wood.  For  example, 
if  the  end  grain  surface  of  a  dry  board  is  wetted, 
its  attempted  swelling  is  restrained  by  the  rest 
of  the  board  and  it  takes  on  compression  set  of 
several  percent.  VJhen  redried,  its  attempted 
shrinkage  exceeds  the  tensile  strain  limit  and 
checking  develops. 

This  destructive  effect  of  moisture  content 
cycling  is  also  the  source  of  a  major  misconcep¬ 
tion  about  wood  which  is  common  among  woodworkers 
and  consumers.  Because  the  high  end  of  the 
cycle  is  apparently  without  consequence,  and 
because  the  visible  problems  emerge  only  when 
low  humidity  is  reached,  the  deduction  is  that 
the  problem  occurred  "because  it  was  allowed  to 
dry  out."  A  corollary  reaction  is  that  "oh,  we 
don’t  have  any  trouble  with  high  humidity,  it’s 
low  humidity  that  casues  all  our  problems." 

Usually  there  is  no  recognition  of  the  fact  that 
the  low  humidity  level  was  of  consequence  only 
because  it  was  preceded  by  the  high.  People 
seem  far  more  prone  to  humidifying  during  dry 
weather  than  c[e humidifying  during  damp  weather. 


ABC 


LOW  HIGH  — -  —  —  LOW 


Figure  2. — Behavior  of  a  wide  board  or  panel 
under  an  extreme  moisture  cycle  when  (A) 
fastened  at  both  edges  and  restrained  from 
swelling,  (B)  restrained  but  not  fastened,  or 
(C)  unrestrained  and  unfastened.  During 
moisture  gain,  A  and  B  may  show  no  symptoms, 
although  they  accumulate  compression  set; 
the  dimensional  change  in  C  may  be  quite 
apparent.  During  moisture  loss,  C  returns  to 
its  original  dimensions;  B  shrinks  to  a  smaller 
dimension;  A,  restrained  in  its  attempt  to 
shrink  (by  an  amount  exceeding  its  strain  limit 
in  tension  perpendicular  to  grain),  may  fail. 
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More  awareness  of  the  importance  of  variation 
is  therefore  necessary.  Once  understood,  much 
more  could  be  done  to  avoid  the  dangerous 
extremes . 

There  is  also  a  notion  that  dryness  is 
categorically  detrimental  to  wood.  Some  museum 
conservators,  for  example,  believe  that  wood 
should  be  stored  at  no  lower  than  507  RH  and 
that  60-657  RH  is  optimum. 

While  controlling  humidity  might  be  a 
reasonable  approach  to  controlling  dimensional 
variation  in  the  plant,  it  offers  little  promise 
for  the  consumer  whose  environment  is  inherently 
variable.  The  consumer  must  rely  more  upon 
finishes  to  provide  a  barrier  which  will  retard 
moisture  exchange  and  keep  the  total  variation 
within  harmless  or  tolerable  limits.  But  I 
have  found  little  useful  information  about  the 
moisture  excluding  characteristics  of  current 
finishes.  Likewise  little  has  been  reported 
about  the  relationship  between  actual  atmospheric 
humidity  and  the  actual  moisture  content  of 
specific  products  finished  with  identified 
finishing  materials.  I  feel  quite  strongly 
that  this  is  an  area  where  some  practical  applied 
research  results  would  be  most  useful  and  wel¬ 
comed  by  both  manufacturers  and  consumers. 

No  small  part  of  the  problem  of  education 
is  the  many  misconceptions  about  wood  which 
prevail.  We  have  all  heard  the  notions  that 
"wood  has  to  breathe,"  or  that  wood  is  really 
living  tissue  and  needs  to  be  kept  from  drying 
out.  In  some  cases  misinterpretation  is  the 
obvious  culprit.  For  example,  in  discussing 
the  seasoning  of  wood,  the  author  of  one  book 
on  woodcarving  boldly  states,  "If  a  log  is  kept 
in  the  dark,  in  for  instance  the  cellar,  and 
then  suddenly  exposed  to  the  light,  splitting 
will  often  take  place." 

CONDENSATION  IN  BUILDINGS 

On  a  quite  different  topic,  the  problem  of 
condensation  in  the  walls  of  structures  deserves 
mention.  Although  condensation  has  always  been 
a  concern  in  heated  buildings,  the  onset  of  our 
national  energy  crisis  has  multipled  the  fre¬ 
quency  and  consequences  of  this  problem. 

Here  the  role  of  temperature  as  it  affects 
relative  humidity  is  a  key  factor.  In  a  heated 
building  in  cold  weather,  a  drastic  temperature 
gradient  is  established  through  the  building  wall 
from  the  inside  to  the  outside.  Since  very  cold 
air  can  hold  virtually  no  moisture,  even  when 
the  inside  atmosphere  seems  quite  dry  it  has 
more  moisture  than  can  be  held  ly  the  outdoor 
air.  Consequently  the  dewpoint  line  (that  is, 
the  temperature  at  which  moisture  vapor  will 
condense  to  liquid)  lies  within  the  wall.  Any 
vapor  passing  through  the  wall  will  eventually 
condense  within  the  wall,  usually  within  the 
insulation  layer  if  the  wall  is  insulated.  This 
has  the  detrimental  effects  of  increasing  thermal 


conductivity  of  the  insulation  and  reducing  its 
insulation  efficiency  ns  well  as  increasing  the 
moisture  content  of  any  adjacent  wood  to  a  level 
that  will  support  fungal  activity  or  cause 
breakdown  of  paint  adhesion. 

Most  buildings  constructed  in  recent  years 
have  been  well  insulated  with  suitable  vapor 
harriers  installed  to  minimize  condensation 
problems.  However,  a  particularly  serious 
problem  has  arisen  wince  the  energy  crisis 
has  prompted  the  insulating  of  many  old  buildings. 
Insulation  is  often  blown  or  pumped  into  the 
empty  walls  of  buildings  without  installation 
of  a  vapor  barrier.  The  insulation  not  onlv 
establishes  a  dewpoint  well  within  the  wall,  it 
also  helps  block  escape  of  the  condensation 
moisture  when  temperatures  again  rise.  The 
result  is  rapid  progress  of  fungal  action  in 
walls  that  have  stood  for  centuries.  Many 
historic  houses  are  being  badly  damaged  by  this 
thoughtless  use  of  insulation,  and  the  problem, 
once  created,  is  difficult  to  undo. 


CONCLUSION 

In  most  regions  of  the  United  States, 
especially  in  colder  climates,  the  normal 
seasonal  variation  in  indoor  humidity  can 
produce  dimensional  changes  in  wood  which 
exceed  tolerable  limits.  In  manufacturing 
wood  products,  environmental  control  within 
the  plant  should  be  a  primary  considers t ion 
in  controlling  the  effects  of  moisture  variation 
in  stock  or  in  unfinished  products.  The  in- 
service  environment  of  most  wood  products  is 
characterized  by  variation  and  beyond  reliable 
control;  therefore  application  of  a  moisture 
barrier  finish  must  be  relied  upon  to  buffer 
the  extremes  of  humidity  variation. 

In  all  cases,  education  must  give  greater 
emphasis  to  "Equilibrium  Relative  Humidity" 
in  order  to  bring  a  greater  understanding  to 
both  the  producers  and  consumers  of  wood 
products . 
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ABSTRACT 

V 

'  **  The  amount  of  water  adsorption  (WA)  determines  the 
dimensional  stability  of  particleboard  and  flakeboard. 
Statistical  regression  models  showed  that  WA  is  a  function  of 
exposure  condition,  resin  type,  and  board  specific  gravity,  as 
well  as  the  thickness  and  slenderness  ratio  of  the  wood  furnish. 
Those  factors  explained  95  percent  of  all  variation  in  WA. 


INTRODUCTION 

Particleboard  Is  the  generic  term  for  a 
panel  manufactured  from  1 ignocellulosic  mate¬ 
rials,  Wood-based  par t ic leboard  is  made  from 
dry  wood  particles  that  have  been  coated  with 
resin,  formed  into  a  mat,  and  pressed  under 
heat;  flakeboard  is  a  particleboard  composed 
of  flakes.  Processing  parameters — wood  species, 
reduction  of  solid  wood  to  particles  or  flakes, 
drying  temperature,  amount  and  kind  of  resin 
and  wax,  moisture  content  of  the  mat,  compres¬ 
sion  ratio,  and  pressing  conditions — markedly 
affect  the  properties  of  the  finished  panels. 

For  example,  because  wood  particleboard 
is  hygroscopic,  changes  in  relative  humidity 
trigger  complex  responses  by  particleboard  and 
flakeboard.  The  environmental  moisture  affects 
the  moisture  content  of  the  board,  measurably 
changing  linear  expansion  (LE)  in  the  plane  of 
the  panel  and  thickness  swelling  (TS)  perpen¬ 
dicular  to  the  plane.  The  amount  of  LE  and 
TS  depends  on  the  processing  parameters  which 
also  affect  the  amount  of  water  adsorption 
(WA)  and  the  equilibrium  moisture  content  at 
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different  relative  humidities.  In  turn,  WA  and 
exposure  conditions  directly  affect  the  amount 
of  LE  and  TS. 

Again  due  to  the  processing  parameters, 
the  amount  of  water  particleboard  adsorbs  and, 
consequently,  its  equilibrium  moisture  content 
are  not  the  same  as  those  for  solid  wood 
(Halligan  and  Schniewind  1972,  Suchsland  1972). 
Similarly,  the  "random"  orientation  assumed 
by  the  particles  and  flakes  in  the  plane  of 
the  board  during  manufacture  causes  LE  to  be 
greater  than  normally  would  be  expected  for 
solid  wood  in  the  longitudinal  direction. 

TS  has  two  components  that  affect  dimen¬ 
sional  change:  the  actual  swelling  of  the  wood 
and  the  release  of  compression  stresses  that 
develop  during  mat  compaction.  Because  the 
amount  of  dimension  change  in  a  board  can  be 
critical  for  most  uses,  standards  for  commer¬ 
cial  products  of  particleboard  and  flakeboard 
specify  allowable  dimensional  properties  (U.S. 
Department  of  Commerce  1966). 

Vital  (1980)  established  relationships  be¬ 
tween  LE,  TS,  and  WA  (terms  in  the  functions 
follow  decreasing  order  of  importance).  For 
part ic leboard : 

LE  =  WA  x  f (RT  x  EC,  SG,  SR,  TKN,  SR  x  EC, 

RT,  and  RT  x  TKN) 

TS  =  f (EC,  RT  x  EC,  SG  x  EC,  RT  x  WA,  and  KT) 
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And  f or  f 1 ake boa rd : 

LE  =  WA  x  /(EC,  SAW!  x  TKN,  RT  x  TKN,  St; 

TKN,  TKN  x  St:  x  IT,  Rf,  and  !  KN  * ) 

TS  =  t  (WA,  WA  x  So,  RT ,  WA  ’ ,  Kl‘  x  1'KN,  FT, 
and  SAkT) 

where  Ft:  =  exposure  eond  it  ion  (  30-»o\  or  b  >- 
80“.),  TKN  =  furnish  thickness  (0.15-0.11!  mn), 

SC  ~  board  specific  gravity  (  d.  5  3-0.  78) ,  Rf 
"  resin  type  (urea-  or  pnenol -: orma  Liehyde ) , 
SAWT  =  surface  a  re  a  by  weight  ( 5L’-A0i  >  ct:r/,-) 
and  SR  -  s Jt-nderness  ratio  (10  to  3>o). 

rhus,  its  relation  to  l.F.  and  i'S  makes  WA 
an  important  character ist ic  of  part ic I  aboard 
and  tlakeboarj.  Although  processing  variable.-* 
are  known  to  affect  the  amount  o:  WA,  thir.  re¬ 
lationship  has  not  been  thoroughly  est  abl  i  shed 
(Kelly  1977^ .  Hierefore  we  wanted  to  determine 
how  furnish  geometry,  resin  type,  and  board 
specific  gravity  (SC)  affect  WA  when  the  rela¬ 
tive  humidity  changes  from  30  to  65  and  tro.i 
65  to  80  percent. 


MATERIALS  AND  MFIUOUS 

The  raw  material  was  green  l)ouglas-l  ir 
[ Pseudo t  suga  menxies 1 i  (Mirb.)  Franco  1,  quarter- 
sawn  into  lumber  with  a  nominal  thickness  of 
25. A  mm  and  a  density  of  O.Al  g/cm*  (ovendry 
weight /green  volume),  The  lumber  was  ripped 
across  the  grain  into  strips  12.7,  25. A,  and 
50.8  mm  lone.  To  generate  the  particles,  we 
hammer  mi  l  led  flakes  A  mm  wide  and  25.  A  mm  Ion*; 
through  a  12.7-mm  screen,  yielding  thicknesses 
of  0.15,  0.A1,  0.66,  and  0.^1  ton.  Flakes  of 
the  desired  thickness — 0.15,  O.Al,  <1 ,6b,  or 
0.91  mm — were  generated  with  a  laboratory 
disc-f laker.  Flake  width  was  determined  by 
the  thickness  of  the  lumber.  The  green  fur¬ 
nish,  both  particles  and  f Jakes,  was  dried  at 
85°C  to  a  moisture  content  of  approximate! y 
3  percent,  then  sealed  in  plastic  bags. 

We  manufactured  a  total  of  9b  homogeneous 
boards  under  constant  conditions  (table  ]> 
according  to  a  completely  randomized  single- 
replication  factorial  design.  A  laboratory- 
type,  rotary  drum  blender  was  used  to  apply 
either  phenol  formaldehyde  (IT)  or  urea  formal¬ 
dehyde  (IF)  resin  to  the  furnish.  Wax,  re.sin, 
and  water  were  applied  sequentially  with  an 
air  spray-gun.  The  mats  were  hand-telted  and 
loaded  in  a  single-opening  hoi  press  and 
pressed  to  spec  it  ic  gravities  of  0.51,  O.n*. , 
or  0.78,  corresponding  fo  compress j.»n  ratio, 
of  1,  30:1,  l.6D;l,  or  IT-homled  ht»ar>ls 

were  stacked  hot  overnight,  uni  "T-honded 
boards  were  cooled  immediately.  All  board-, 
were  conditioned  at  3J“c*  and  lu-percetu  rela- 
t  i  ve  hum  id  i  t  y  . 


iable  1.  pr»  tees.-,  in,;  condition-.  tor  part  o 
board  and  I  1  ake boa rd 


lac  tor  i  <«u-il  ant  t  i>ud  i  t  i  ■  mi 


Board  sice  1.5  x  Ab  x  *6  » 

Refill  solid:* 

content  >  ,  oveudrv  uc>  l . 

Wax  0.5’  BorJcnVs  KW— *u  iii  wax, 

ovendry  basis 

'lit  moisture 

ci'iiLnil  7.U  +  0. 

Press  temperature,  170  t  ;  c\ cli  , 

11  min  lor  P!  and  8  min  tor 
closing  t  i":e.  O')  -*«.•*.  ; 
decompress  ion  l  i::u  ,  6 1  sec 


Bel  ore  icstin  all  hoards  were  .andid  .u- 
til  about  i  3  vx'.i  thick.  I'hfee  sue  >a:..;  1  e:. 
long  and  7 * »  mm  wide  wa  it  laker.  :ro-.  4  a.  i.  :  aid, 
till'll  sequential!;.  i  -.posed  to  i.i.  h  !  I  M  u 
relative  ini! :  ill  i  t  i  e  s — id,  6  5,  an!  ~ 1 1  ;  a  in  a*, 
te:  .per  il  ure:.  oj  '2,  21,  and  '2  1  ,  i‘e:.pi  .  :  iv 4  !  - 
until  tla-  boards  wire  oqu  i  1  i  bra  t  ed  lalnut 
mont’ns  at  each  bum  id  it;.).  WA  v  i  •  d*  1 1  rmim-.i 
::uu;i:ir  ing  tin-  im  rer.ent.il  i  :..rg«  in  wii.  ht 
to  tin  I'.i.irv.-i!  0.1  .  for  each  d;,.i:ia  i*i  i  i- 

tivi-  humidity. 

We  used  multipu  regression  ms  p 

correlate  t  lie  WA  increment  wit;;  turnisa  ceo..,- 
etry,  board  Sc,  and  resin  type.  '.sine,  a  .-.lip- 
wise  procedure  (Niter  ana  Wa sser man  l^Tro,  w 
selected  the  best  set  ol  variable--  lor  etc: 
equation.  file  re  p.n  ss  ion  i  qual  ion  -  w>  re  c-ed 
to  predict  the  increment  in  WA  tor  t  t.i  IF-  and 
IT— bonded  boards  at  t  hi  low  ami  hi.  h  i  il.it  in 

him  id  it  ies . 


KFlN  hi  b  AM>  d  i  SWISS  1  ON 

Water  adsorption  is  an  ir.iport.iut  i  actor 
related  to  l.F.  and  TS  ol  part  ic  1  oboard  and  t  lake 
board.  However,  as  shown  by  Vital  (198u),  tiie 
rel.it  urns  between  WA  and  l.F  and  between  WA  am! 
FS  are  non  1  i  near— in  t.mt,  several  inter¬ 
actions  i *t ■  i ■  1 1 r  between  WA  and  other  variables 
at  led  ill,;  l.F  or  IS.  Hie  ri  l  at  ion-di  ips  between 
WA  and  the  dimensional  •  huractirist  it?.  o:  tin 
hoard  are  liotlu-r  complicated  because  variables 
at  tiding  ?  !'  ot  IS  a  1  sc  a!  1  «  i  t  WA. 

We  derived  this-e  mult  .  iple  regression 
equal  i.  mis  lal  all  nr.  furnish  •  i-omet  r\  ,  board  Sc, 
am!  re- in  type  wit  1 1  the  WA  increment  duo  t  o 
relative  iiumidilv  imreasing  item  61  to  (>5  pet- 
.  i  nt  and  t  rom  b5  to  SO  percent.  All  terms  in 


the  equation  were*  significant  at  the  l-pereont 
level.  Fo r  particleboard: 

In (WA)  =  1.  1146  +  0.44V 9  x  KC  4-  0.352  x  Hi 
-  0.1714  x  SO  -  2.  *32  x  10"^  x  SR 


:  tjund  no  signif  Li*ant  interaction  between  rcain 
type  and  exposure  Condition.  lilis  teiulelii.;. 
piietio  1  ie-b*md  ed  boards  to  adsorb  wore  water  i 
associated  with  their  high  caustic  content 
(Wittii.unn  197'}). 


with  Sy*x  15  0.015V  and  R**  -  0.957.  And 
t  or  flake hoard: 


In  (KA)  =  1.1854  +  0.2621  x  F.C  +  0.0^48  KT 
-  0.5012  x  SC  +  2 . Vn  j  <.f'4  v  S!: 

4-  0.0481  x  TKX“  +  0.365V  SC  x  IT 
) 

with  Sv*x  -  0.0196  and  R“  =  0.9*9  where 


In  (KA) 
Ff 


natural  logaritlira  of  the  i  nor  *•:::*.  nt  in 

water  adsorpt ion  (WA  -  .  > 

exposure  condition  (0  tor  a  relative 

humidity  change  from  In  to  63.  and  l 

for  a  change  from  65  to  Sn  ) 

resin  type  (assumes  IT  =  1  and  *  j) 

slenderness  ratio  (mrnish  length/ 

thickness) 

furnish  thickness 


WA  in  t  laru- board  was  .it  Jet  ted  Ly 

!  lake  ooonotrv,  indicated  in  the  regression 

model  by  thickness  squared  (TKFWJ  and  ^Kr.der- 
lle  .-■>  ->  rat  ii)  (SR).  The  effect  of  flake  *r  pal'- 
tide  geometry  on  WA  probably  related  t •  t  he 
change  in  the  .•»  U  r  1  a  i '  e  are.1  I  UVITU.1  by  t  he  red  I', 
and  it*-  bulking  cite*  t,  as  well  •  the  *- nance 
in  the  amount  ot  end-grain  surtacc  as  *  lake 
length  and  thickness  changed.  Oeumetry  may  also 
iffect  WA  indirectly  by  causing  a  mechanical 
restraint  in  the  board  due  to  induced  stresses 
from  crushing  and  density  variations.  Increases 
in  SO,  would  a  1st)  cause  mechanical  restraint  in 
the  board.  Adsorption  curves  were  similar  J or 
furnish,  board,  and  solid  wood,  thus  the  belief 
that  the  effect  of  geometry  was  due  to  the 
mechanical  restraint  or  resin  distribution  or 
both. 


Regression  analyse:-,  explained  about  95 
percent  ol  all  variation  we  observed,  in  WA.  As 
expected,  exposure  condition  (!'.('  in  the  model) 
was  the  most  important  variable  affecting  WA 
increment.  Kxposure  condition  alone  explained 
93  and  91  percent  o!  all  WA  variation  for  par¬ 
ticleboard  and  flakclmard,  respectively.  The 
increase  in  WA  per  l -percent  increase  in  rela¬ 
tive  humid  it;,  was  larger  at  higher  relative- 
hum,  id  i  t  v  i  nterva  1  s  . 

other  experimental  variables  can. ed  a 
relatively  smaller  variation  in  the  WA  incre¬ 
ment  .  However,  these  small  variations  have  an 
important  effect  on  t  lie  amount  ot  IT  and  TS 
(Vital  19s0). 

Recause  each  exposure  condition  was  the 
same  tor  all  boards,  the  variation  in  WA  with¬ 
in  each  exposure  condition  was  due  to  other 
variables.  Once  we  considered  exposure  condi¬ 
tion  in  the  model,  the  most  important  variable 
affecting  WA  in  f  lakebo.ini  was  board  SO.  How¬ 
ever  ,  board  S(;  and  exposure  condition  inter¬ 
acted  to  affect  WA.  An  increase  in  SO  generally 
decreased  WA,  but  St^  had  less  effect  at  high 
relative  humidity.  Apparently  S(.‘  had  little 
effect  on  WA  once  the  board  hat)  adsorbed  enough 
water  to  release  the  larger  stresses  from  the 
compression  set  in  the  denser  boards.  Lehmann 
(  1  974)  and  Vital  ot  at  .  (197V)  also  found  that 
the  amount  of  water  adsorbed  decreased  if 
board  St;  increased. 


Figure  1  shows  the  surface  responses  lor 
flakeboard  (SC.  =  0.7 )  as  predicted  by  the 
equations  we  derived  in  the  multiple  regression 
analyses.  The  eflect  of  changes  in  flake  length 
and  thickness  : or  boards  of  other  specific 
gravities  can  be  estimated  using  these  equations 
tiie  SC  for  each  resin  type  and  exposure  condi¬ 
tion  should  remain  constant  while  flake  length 
and  thickness  are  increased  slightly,  Because 
hoard  SC  and  flake  geometry  do  not  interact, 
response  surfaces  for  other  specific  gravities 
will  have-  si  tapes  similar  to  those  in  figure  1. 
Figure  2  shows  the  predicted  effect  on  WA  when 
board  Si',  is  changed  lor  a  flakeboard  made  with 
■9.  )()-  v  5 ('-mm  :  lakes. 

! he  smallest  increment  in  WA  for  each 
exposure  condition  and  resin  type  (fig.  1) 
should  occur  with  short  10-tnm  flakes  between 
0.30  and  0.50  mm  thick.  At  this  thickness, 
lengthening  the  flake  slightly  increased  WA. 
Variable  thickness  of  the  short  flakes  also 
increase*!  WA  slightly.  As  1  lake  length  in¬ 
creased,  WA  became  more  sensitive  lo  changes 
in  l  lake  thickness. 

As  observed  with  flakeboard,  the  WA  incre¬ 
ment  in  particleboard  was  also  higher  with 
boards  made  with  phenolic  rosin.  lor  particle¬ 
board,  however,  WA  was  more  sensitive  to  c hanges 
in  particle  geometry  than  in  board  SO.  Boards 
mdi.'  will)  particles  having  a  larger  slenderness 
ratio  (thinner  particles)  adsorbed  less  water. 


Flakeboard  made  with  phenolic  rosin 
generally  adsorbed  more  water  at  both  exposure 
conditions.  Schneider  (197))  found  that  t  lie 
difference  in  WA  due  to  resin  type  increased  as 
the  relative  humidity  increased.  However,  we 


Figure  3  predicts  how  changing  particle 
thickness  will  affect  WA  for  a  IT-  or  lM'-bonded 
part  io  leboard  with  SC.  =  0.70.  WA  is  more  sen¬ 
sitive  to  changes  in  particle  thickness  between 
0.15  and  0.30  mm.  The  smallest  increment  in 
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Figure  1.  Predicted  effect  of  flake  length  and  thickness  on  the  water  ac 
board  (SC  =  0.70)  when  relative  hunidity  changes  (A)  from  >0  to  n  \>  per 
(B)  front  30  to  b5  percent  in  a  IT-honded  hoard,  (<)  iron  '/>  to  bo  perc 
and  (D)  from  65  to  HO  percent  in  *  rf'-,'or:dod  heard. 


,  Ion  (V.'A)  for  si. 
in  a  V bonded  N 
a  l*  F- bonded  be. 


6  0  r 


50^- 


®- -’-Sr :-.v.o 

A  *LAKEB0AR0 / 

A  PARTICLEBOARD  /  UF  Rm 

O  f  LAKE0OARO  /  PF  -  50-65% 

#  PARTICLEBOARD  /  Pf  - 65-00% 


5  5  • 

5.0  - 


4  5 


BOARD  SG 


Figure  2.  Predicted  ofl'eet  of  board  specific 
gravity  (SG)  on  the  water  adsorption  (KA)  ot 
f lake board  made  with  30-  x  O.TQ-mm  flakes  and 
particleboard  made  with  particles  O.-iO  ntn 
thick. 
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I  ignre  3.  Predicted  r!  !  n't  oS  particle 
ness  on  the  water  ad.sorpt  ion  (V.'A)  of  p 
hoard  with  a  specific  gravity  of  i'.7P. 
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WA  s':;..);:  id  occur  wit  A  thin  partielis.  i'he 

o :  pa  r t  ic  I  e  l  h  i>'  knc^.  at  al  her  •.;»«.■  i  *  i  >. 

.  iMvil  h-;  ear.  he  calculated  fud.-n;  the  .,a:u 
tec:.::;  ,u«.  We  d  i  -cussed  ’  ■  ■r  '  Like board  ♦ 

Inci’eas  in,;  part ic leboard  S' I  Aviva  .-.'A 
U  i;.  2 )  .  ihe  I'liivt  was  linear  ior  bulb.  con¬ 
dition.*  but  ...  ..li'et*  t  nan  for  fiakcboard,  coa¬ 
sts  lent  with  or  :.»-r  published  reports. 


1.  or  particleboard  and  lakehoard ,  in¬ 

i’  remru  t  a  1  chance  in  WA  is  mainly  a  fun.  Liu 
n:  ti:e  i-xpi.-uiv  v-ondUion. 

.1.  or  pari  ic  leboard  and  f  1  okehuar d ,  the  in¬ 
crement  in  WA  per  l -percent  ininva-r  ir: 
relative  humidity  is  larger  at  hinher 
rel  at  ive  humidit ies. 

1 .  In  part ic leboard ,  A’ A  is  no  re  sen  s  i  t  ive  to 
changes  in  particle  thiekness  than  t  > 
changes  in  board  SC.  In  lake  board ,  once 
exposure  condition  is  cons idetud,  board 
"'h  is  the  most  important  variable  a:  lect¬ 
in**  •■A.  aA  decreases  as  SC  increases, 
but  tiie  increment  of  decrease  in  V.’A  due 
to  increased  SC-  is  smaller  at  the  hin.hor 
re  lat  ive-immid  ity  interval . 

Cue  t  o  the  hinh  caustic  content  of  the 
phenol  ie  resin,  hoards  made  with  i>:'  r«.  sin 
adsorb  more  water  than  boards  mad*,  with 
;  •  r 

3.  For  part  ie  leboard  of  both  resin  t  ypes  and 
re l  it  ive-humid  ity  intervals,  the  smallest 
increment  in  WA  should  occur  with  hi;h 
density  boards  made  with  thin  particles 
(".11  mm). 

For  f lake  board  of  both  resin  types  and 
both  relative-humidity  intervals,  the 
smallest  increment  in  W’A  should  occur  with 
hi,.;:;  d.ens ity  boards  made  with  short  flakes 
flO.h  mn)  between  0.30  and  0.30  mm  thick. 
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